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Preface 

This PhD thesis is performed as part of the Marie Skłodowska-Curie Innovative Training Network 

European Joint Doctorate (ITN-EJD) program “Coordination Chemistry Inspires Molecular 

Catalysis” (CCIMC). The work was conducted in the period October 2020-September 2023 in a 

collaborative project between two institutes, the Centre for Catalysis and Sustainable Chemistry, 

Department of Chemistry, Technical University of Denmark (DTU), Denmark, under the 

supervision of Prof. Anders Riisager and the Engineering of Metal Nanoparticles group at the 

Laboratoire de chimie de coordination (LCC), CNRS Toulouse, France, under the supervision of 

Dr. Karine Philippot and Dr. M. Rosa Axet. The industrial partner in the collaboration was IFP 

Energies Nouvelles (IFPEN), Solaize, France, where a three-month internship has been performed. 

The PhD thesis focuses on the synthesis of monometallic Ru and Ni as well as bimetallic RuRe 

nanoparticles (NPs) in carefully functionalized ionic liquids (FILs) to obtain metal NP/FILs 

catalytic systems. The systems have been applied in hydrogenation catalysis, where the structure-

activity relationship has been explored. Chapter 1 provides an overview of the thesis by 

introducing and summarizing the main topics involved including synthesis, characterization, and 

application of ILs and metal NPs in ILs. It also describes the aims and objectives of the PhD 

project. Chapter 2 deals with the synthesis of ILs incorporating specific functional groups chosen 

for their ability to stabilize and alter the surface characteristics of the NPs. Chapter 3 is devoted to 

the employment of these ILs for the synthesis of Ru NPs and study of the structure-stability relation 

of the systems as well as reactivity and selectivity patterns in hydrogenation catalysis. The obtained 

results have been published in Nanomaterials, 2023, 13:1459. Chapter 4 concerns the synthesis of 

Ni NPs in the tailored FILs. The reactivity of the Ni NPs and the impact of their oxidation have 

been studied through application in hydrogenation catalysis. Given that bimetallic metal NPs can 

show better catalytic performance than monometallic NPs due to a ‘synergistic effect’ of the two 

metals, an appropriate combination of desired metals can tune the reactivity of the catalyst. In 

Chapter 5, efforts have been made to utilize this concept to synthesize RuRe/FILs catalyst suitable 

for amide hydrogenation, relying on the known H2 activating property of Ru NPs with the 

capability of oxophilic Re to activate carbonyl groups. Chapter 6 closes the PhD thesis with main 

conclusions and perspectives of the work. Chapter 7 provides the materials and characterization 

methods used. 
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Abstract 

Metal nanoparticles (NPs) are recognized attractive materials for application in the field of 

catalysis due to their remarkable high surface-to-volume ratio that induces a high number of 

potential active sites. It is well known that stabilizers play an important role in synthesis and 

catalytic performance of metal NPs. They protect the NPs structure, thereby preventing 

agglomeration or aggregation that may occur due their high surface energy. Additionally, 

stabilizers can influence the electronic properties of the NPs, optimizing their reactivity and 

selectivity in catalytic reactions. Thus, appropriate selection and utilization of stabilizers are 

crucial factors for modifying and enhancing the performance of NPs across a diverse range of 

catalytic reactions including hydrogenation of various substrates. Among all possible stabilizers 

for metal NPs, ionic liquids (ILs) can be employed for the synthesis of metal NPs. ILs possesses 

intriguing physical and chemical properties and presents the advantage to act both as stabilizer and 

solvent in the reaction, resulting in reduced utilization of chemicals and limit waste, which limits 

the environmental footprint. Careful tailoring of imidazolium based ILs with functional groups has 

proven a relevant way to improve catalytic performance of metal NPs. In this context, a series of 

Ru NPs and Ni NPs were synthesized by the organometallic approach in functionalized 

imidazolium ionic liquids (FILs) with methoxy- and cyano-groups (abbreviated as MEM, MME 

and CN). Well-dispersed and narrow-sized Ru NPs ranging from 1.3 to 2.2 nm were obtained as 

well as Ni NPs ranging between 2.8 and 6.9 nm depending on the IL functionalization. Thermal 

gravimetric analysis (TGA) and X-ray photoelectron spectroscopy (XPS) allowed to study the 

interaction between the NPs and the ILs. Ru NPs stabilized by the methoxy-containing FILs (MEM 

and MME) displayed a good balance between catalytic activity and stability when applied in the 

hydrogenation of styrene at mild reaction conditions. Moreover, the Ru/FILs showed complete 

selectivity towards ethylbenzene at milder reaction conditions (5 bar, 30 C) than reported in 

literature for other Ru NP catalysts. All the Ni/ILs systems were found to be efficient catalysts for 

the hydrogenation of 2-cyclohexe-1-none under the applied reaction conditions (substrate/Ni ratio 

of 100/1, 130 C, 10 bar H2), providing full substrate conversion and complete selectivity towards 

hydrogenation of the olefinic bond in short reaction time (1 h). Bimetallic RuRe NPs were also 

synthesized with an average size of 1.6 and 3.3 nm in unfunctionalized (H) and MEM ILs, 

respectively, but neither of the systems catalyzed the hydrogenation of amides, which is reputed 
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as a challenging reaction due to the high stability of amides. In summary, the PhD work led to the 

synthesis of novel Ru, Ni and RuRe bimetallic NPs in MEM and MME ILs, and insights into 

structure-performance relations in hydrogenation catalysis. The work provides perspectives for 

future development within both the fields of nanochemistry and selective catalysis. 
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Resumé 

Metal nanopartikler (MNP’er) er attraktive materialer til anvendelse inden for katalyse på grund 

af deres bemærkelsesværdige høje overflade-til-volumen forhold, som giver et stort antal 

potentielle aktive steder. Det er velkendt, at stabilisatorer spiller en vigtig rolle i syntese og 

katalytisk ydeevne af MNP’er, da de beskytter NP-strukturen og forhindrer agglomerering eller 

sammenklumpning, som ellers kan forekomme på grund af deres høje overfladeenergi. Derudover 

kan stabilisatorer påvirke de elektroniske egenskaber af NP’erne og påvirke deres reaktivitet og 

selektivitet i katalytiske reaktioner. Derfor er korrekt valg og anvendelse af stabilisatorer afgørende 

faktorer for at modificere og forbedre NP’ernes præstation på tværs af en bred vifte af katalytiske 

reaktioner, herunder hydrogenering af forskellige substrater. Ioniske væsker (IL'er) kan med fordel 

anvendes som stabilisatorer til syntese af MNP’er. Ud over at IL'er besidder særlige fysiske og 

kemiske egenskaber har de den fordel, at fungere både som stabilisator og opløsningsmiddel i 

reaktionen, hvilket på grund af reduceret brug af kemikalier og affaldsdannelse fører til mindre 

miljøpåvirkning. Omhyggelig tilpasning af imidazolium-baserede IL'er med funktionelle grupper 

har vist sig at være en relevant måde at forbedre MNP’ers katalytiske ydeevne på. I denne 

sammenhæng er der i nærværende projekt syntetiseret en serie af RuNP'er og NiNP'er ved en 

organometallisk metode i funktionelle imidazolium-ioniske væsker (FIL'er) med methoxy- og 

cyano-grupper (forkortet som MEM, MME og CN). Veldispergerede RuNP'er med størrelsen 1,3-

2,2 nm med smal størrelsesfordeling, samt NiNP'er med størrelser mellem 2,8-6,9 nm blev opnået 

afhængigt af IL-funktionaliseringen. Termogravimetrisk analyse (TGA) og røntgenfotoelektron 

spektroskopi (XPS) gjorde det muligt at studere interaktionen mellem NP'er og IL'er. RuNP'er 

stabiliseret af de methoxy-baserede FILer (MEM og MME) udviste en god balance mellem 

katalytisk aktivitet og stabilitet, når de blev anvendt i hydrogeneringen af styren under milde 

reaktionsbetingelser. Derudover viste Ru/IL'erne fuldstændig selektivitet over for dannelse af 

ethylbenzen under reaktionsbetingelser (5 bar H2, 30 C), der var mildere end rapporteret i 

litteraturen for andre RuNP-katalysatorer. Alle Ni/IL-systemer viste sig at være effektive 

katalysatorer til hydrogenering af 2-cyclohexe-1-non under de anvendte reaktionsbetingelser 

(substrat/Ni-forhold på 100/1, 130 C, 10 bar H2), hvilket gav fuld omdannelse af substratet og 

fuldstændig selektivitet over for hydrogenering af olefinbindingen på kort reaktionstid (1 time). 

Bimetalliske RuReNP'er blev også syntetiseret med en gennemsnitlig størrelse på 1,6 og 3,3 nm i 
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ikke-funktionaliserede (H) og MEM IL'er, men ingen af systemerne katalyserede hydrogenering 

af amider, hvilket er kendt som en udfordrende reaktion på grund af amiders høje stabilitet. Samlet 

set førte ph.d.-arbejdet til syntese af nye Ru-, Ni- og RuRe-bimetalliske NP'er i MEM og MME 

IL’er og indsigt i struktur-præstationsevne i hydrogeneringskatalyse. Arbejdet giver perspektiver 

for fremtidig udvikling inden for både nanokemi og selektiv katalyse. 
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Résumé  

Les nanoparticules métalliques (NPMs) sont des matériaux attractifs reconnus pour leur 

application dans le domaine de la catalyse en raison de leur remarquable rapport surface-volume 

élevé induisant un grand nombre de sites actifs potentiels. Il est bien connu que les stabilisateurs 

jouent un rôle important dans la synthèse et la performance catalytique des NPMs. Ils protègent la 

structure des NP, prévenant ainsi leur agglomération ou agrégation qui peut survenir en raison de 

leur énergie de surface élevée. De plus, les stabilisateurs peuvent influencer les propriétés 

électroniques des NP, optimisant leur réactivité et leur sélectivité dans les réactions catalytiques. 

Ainsi, le choix approprié et l'utilisation des stabilisateurs sont des facteurs cruciaux pour modifier 

et améliorer la performance des NP dans une large gamme de réactions catalytiques, y compris 

l'hydrogénation de divers substrats. Parmi tous les stabilisateurs possibles pour les NPMs, les 

liquides ioniques (LI) peuvent être utilisés pour la synthèse des NPMs. Les LI possèdent des 

propriétés physiques et chimiques intrigantes et présentent l'avantage d'agir à la fois comme 

stabilisateur et solvant dans la réaction, entraînant une utilisation réduite de produits chimiques et 

limitant les déchets, ce qui réduit l'empreinte environnementale. L'ajustement soigneux des LI à 

base d'imidazolium avec des groupes fonctionnels s'est avéré être une manière pertinente 

d'améliorer la performance catalytique des NPMs. Dans ce contexte, une série de NPMs de Ru et 

de Ni a été synthétisée par l'approche organométallique dans des liquides ioniques d'imidazolium 

fonctionnalisés (LIF) avec des groupes méthoxy- et cyano- (abrégés en MEM, MME et CN). Des 

RuNPs bien dispersées et de taille étroite, variant de 1,3 à 2,2 nm, ont été obtenues ainsi que des 

NiNPs variant de 2,8 à 6,9 nm en fonction de la fonctionnalisation des LI. L'analyse 

thermogravimétrique (TGA) et la spectroscopie photoélectronique à rayons X (XPS) ont permis 

d'étudier l'interaction entre les NP et les LI. Les RuNPs stabilisées par les LIF contenant du 

méthoxy (MEM et MME) ont montré un bon équilibre entre l'activité catalytique et la stabilité 

lorsqu'elles ont été appliquées dans l'hydrogénation du styrène à des conditions de réaction douces. 

De plus, les Ru/LIF ont montré une sélectivité complète envers l'éthylbenzène à des conditions de 

réaction plus douces (5 bar, 30 °C) que celles rapportées dans la littérature pour d'autres catalyseurs 

RuNP. Tous les systèmes Ni/LI se sont avérés être des catalyseurs efficaces pour l'hydrogénation 

du 2-cyclohexé-1-none dans les conditions de réaction appliquées (rapport substrat/Ni de 100/1, 
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130 °C, 10 bar H2), fournissant une conversion complète du substrat et une sélectivité complète 

envers l'hydrogénation de la liaison oléfinique en un court laps de temps de réaction (1 h). Des 

RuReNPs bimétalliques ont également été synthétisées avec une taille moyenne de 1,6 et 3,3 nm 

dans des LI non fonctionnalisés (H) et MEM, respectivement, mais aucun des systèmes n'a catalysé 

l'hydrogénation des amides, réputée être une réaction difficile en raison de la haute stabilité des 

amides. En résumé, le travail de thèse a conduit à la synthèse de nouvelles NPMs Ru, Ni et RuRe 

dans des LI MEM et MME, ainsi qu'à des perspectives sur les relations entre structure et 

performance en catalyse d'hydrogénation. Ce travail ouvre des perspectives pour le développement 

futur dans les domaines de la nanochimie et de la catalyse sélective. 
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1. Introduction 

 

This bibliographic chapter will provide general information on ionic liquids (section 1) and metal 

nanoparticles (section 2). After giving the definition of these two types of species, main synthesis 

methods as well as main physico-chemical properties and usages will be presented and illustrated 

by relevant examples from literature linked with the objectives of this PhD project. 

  

1.1  Ionic liquids  

The most practical definition of an ionic liquid (IL) is ‘a liquid composed entirely of ions’ [1].  

There are diverse salts which are liquids at ambient temperature. ILs that are liquid at room 

temperature are called room temperature ionic liquids (RTILs). Most ILs are composed of a large 

organic cation of low symmetry, and a much smaller inorganic polyatomic anion with the charge 

highly delocalized. The liquid state is favored by small lattice enthalpy and large entropy changes, 

attributed to the large size and conformational flexibility of the two weakly coordinating ions [2]. 

While the structural arrangement of IL resembles that of a salt, the main difference is that the 

coulombic interactions between the ions in a salt is much stronger than in ILs as the result of the 

similarity between the size and nature of the ions, giving them a strong crystalline structure with 

relative high melting point, e.g. is the melting point of NaCl (s) 801 °C [3]. ILs exhibit notably 

distinct physical characteristics which includes negligible vapor pressure, high charge density, 

high polarity, high dielectric constant and capability to form supramolecular networks [4]. These 

properties can be designed through combination of various cations and anions as presented 

hereafter. 

1.1.1 Cation 

The cationic center of an IL involves typically a positively charged nitrogen, phosphorus or sulfur 

atom. Those described thus far involve mainly ammonium, sulphonium, imidazolium, pyridinium, 

pyrrolidinium, phosphonium, oxazolium, etc. cations substituted with alkyl chains (Figure 1.1). 
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Figure 1.1 Some commonly used cations for ILs. 

Modification of the cation can have a significant influence on the IL properties like melting point, 

viscosity, and miscibility with other solvents, etc. [5]. Based on the cations, ILs may be divided 

into the following groups (Figure 1.2): 

 

Figure 1.2 Different groups of cations [5]. 

1.1.2 Anion 

Anions of ILs are usually organic or inorganic weakly basic compounds with a delocalized 

negative charge [5]. ILs can be divided into six groups based on their anions: ILs based on anions 

like 1) [PF6]
-, [BF4]

- and [SbF6]
-; 2) metal halides like AlCl3; 3) 

bis(trifluoromethanesulfonyl)imides, tris(trifluoromethanesulfonyl)methanide, etc.; 4) 

alkylsulphonates, alkylphosphonates, etc.; 5), acetate (CH3CO2
-), triflate (CF3SO3

-), tosylate 

(CH3PhSO3
-) etc.; 6) borates and carboranes. Figure 1.3 depicts some of the commonly used 

anions. 
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Figure 1.3 Some commonly used anions for ILs. 

 

1.1.3 Structural classification and general properties of ILs 

Based on the combination of a cation and an anion and their unique physical, thermal, chemical, 

and biological properties, ILs can be classified into several categories, as shown in Figure 1.4 

[6,7].  

  

Figure 1.4 Classification of ILs redrawn from [7]. 

The specific properties of ILs that make them unique alternatives to traditional aqueous or organic 

solvents include [3]: (i) ILs remain liquid over a wide range of temperatures, (ii) tunable acidic 

and basic trends, (iii) negligible vapor pressure, (iv) highly polar nature, (v) tunable hydrophilic 

and hydrophobic nature, (vi) tunable viscosity, (vii) long range of solubility in solvents due to 
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tunable combination of cations and anions, (vii) high thermal stability, and (viii) high degree of 

organization. 

 

1.1.4 Synthesis of ILs 

The first report on the synthesis of ILs concerned the preparation of ethylammonium nitrate in 

1914 [8]. The product was formed by the addition of concentrated nitric acid to ethylamine, 

providing a pure salt (mp. 12-14 C) after water removal by distillation. While the protonation of 

appropriate amines or phosphines remains the most straightforward approach for producing IL, 

this method is constrained by potential for decomposition due to deprotonation [9]. However, 

different other methods can be used to produce ILs. The synthesis of ILs can be broadly split into 

two steps: 1) the formation of the desired cation and 2) an anion exchange resulting in the desired 

IL. Generally, most cations are available commercially, commonly as a halide salt. This PhD 

project focuses on the synthesis and application of 1,3-dialkylimidazolium cation based ILs.  

a) Alkylation reactions 

The synthesis of IL cations may be carried out through the protonation with free acids as mentioned 

above or by SN2 quaternization of an amine (Menschutkin reaction) [10,11], phosphine, or sulfide, 

most commonly by using an alkyl halide [9]. The alkylation process to form halide salts presents 

dual advantages: 1) a wide range of alkyl halides are available that are comparatively inexpensive, 

and 2) the substitution reactions generally occur smoothly at reasonable temperatures. The 

resulting halide IL can be readily converted to ILs with other anions. The alkylation reaction may 

be carried out using alkyl chlorides, -bromides or -iodides, with the reaction conditions required 

being harsher in the order I < Br < Cl corresponding to the order of the halide anions as leaving 

group. The quaternization reactions are quite simple to perform; the amine is mixed/stirred with 

the desired alkylating agent at an elevated temperature [9,12]. The reaction time and temperature 

are dependent on the alkylating agent employed, alkyl chlorides displaying the least reactive and 

alkyl iodides the most. One of the many reported examples of the synthesis of imidazolium ILs is 

the work of Dzyuba and coworkers, who reported the preparation of 1-alkyl-3-methylimidazolium 

halides and analogues in high yields with shorter reaction times than synthesized before through 

the alkylation of 1-methylimidazole [13]. One of the important requirements of such reaction is 
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that the reaction mixture is kept moisture free as the products formed often are extremely 

hydroscopic which can effect their physical properties [14]. Scheme 1.1 describes a general 

alkylation reaction for the preparation of imidazolium cation based ILs. 

 

Scheme 1.1 Alkylation of imidazole to obtain imidazolium-based IL. 

 

b) Anion-exchange reactions 

The anion exchange can be carried out either by direct reaction of halide salts with Lewis acids to 

form Lewis acid based ILs or via anion metathesis. The early and most widely studied Lewis acid 

based ILs are salts with AlCl3 [15–17]. Such salts can be synthesized by mixing of the Lewis acid 

(MXn) and the halide salt. This results in the formation of more than one anion species, depending 

on the ratio of quaternary halide salt Q+X- and Lewis acid MXn. This can be illustrated by the 

reaction of [EMIm]Cl with AlCl3 (Scheme 1.2, I-III). 

 

Scheme 1.2 Series of equilibria in the reaction between [EMIm]Cl and AlCl3 [18]. 

Only equilibrium I in Scheme 1.2 needs to be considered if [EMIm]Cl is present in molar excess 

compared to AlCl3 and the formed IL is basic. A molar excess of AlCl3 results in the formation of 

acidic ILs and equilibria II and III predominate. Other Lewis acids used apart from AlCl3 are BCl3 

[19] and AlEtCl2 [20], among others. The preparative methods applied for all these salts are 

generally very similar.  

Anion metathesis stands out as a favorable technique to produce water- and air stable ILs based on 

1,3-dialkylimidazolium cations. The first water-insoluble IL [EMIm][PF6] was prepared by the 
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reaction of [EMIm]Cl and HPF6 in aqueous solution [21]. The water solubility is dependent on 

both the cation and anion, where generally water-solubility decreases with increasing alkyl chain 

length on cation [22]. The primary objective of all anion exchange reactions is to create the 

intended ILs without the presence of undesired cations or anions. This goal is more easily achieved 

in the case of ILs that are immiscible with water, facilitating easy product separation after reaction 

(phase separation). Scheme 1.3 describes a general metathesis step for the preparation of 

imidazolium cation based ILs. 

 

Scheme 1.3 Anion metathesis of imidazolium ILs. 

  

Ion-exchange resin is another preparative method used for the large-scale synthesis of ILs [23]. 

Essentially, ion-exchange materials are salts where one ion is fixed in a stationary (solid/gel) phase 

and the counter-ion present in the solution is exchangeable (Scheme 1.4). During an anion 

exchange, the counter ion [B]- in the solution equilibrates with the counter-ion present on the ion-

exchange material [A]-. If the equilibrium constant is large and the exchange column is of sufficient 

length, complete exchange will take place and only [cation]+[A]- is eluted as pure solution [5]. 

 

Scheme 1.4 Ion exchange reaction. 

Ion-exchange is generally a reversible process, and it is therefore always preferred that the ion-

exchange material shows strong affinity for the counter-ion of the starting material over the 

corresponding ion of the product. Literature on the use of ion-exchange for ILs synthesis is 

comparatively scarce, however, one example is the work reported by Mizute and group on the use 
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of anion exchange material for the synthesis of [EMIm][DCA] from [EMIm][Br] on an industrial 

scale [24].  

Carbonate based ionic liquid synthesis (CBILS® - registered trademark of proionic GmbH [25]) 

stands out as a cutting-edge commercial process, known for its environmentally conscious 

approach and halide free and waste free synthesis of ILs [26]. This method utilizes carbonic acid 

esters as quaternization reagents and the formation of quaternized alkylcarbonate intermediate is 

the crucial step in the process [27]. This then reacts with Brønsted acids to obtain the final IL. 

During this reaction, the alkylcarbonate anion undergoes protonation and hydrolysis with the 

release of CO2 and the formation of the corresponding alcohol. Simultaneously, the Brønsted acid 

is deprotonated, resulting in the formation of the conjugated anion. The removal of volatiles under 

vacuum conditions gives the desired IL [26]. 

1.1.5 Purification of ILs 

The main challenge in synthesizing ILs lies in the purification of the final products. Lack of 

significant vapor pressure prevents the purification of ILs through distillation and low melting 

points makes crystallization difficult. Thus, impurities that are present from the beginning or 

generated during the synthesis process and byproducts are difficult to remove. This is a delicate 

point as even traces of impurities can have an impact on the physical and chemical properties of 

ILs for example melting point, decomposition temperature etc. [28]. Some of the common IL 

impurities are water, halides, unreacted organic starting materials, and residual organic reaction 

solvents. Suspended particles are a class of impurities that are often overlooked. These can come 

from metathesis byproduct, molecular sieves, sorbents, etc. [5]. The low volatility of the ILs allows 

the removal of water by placing them under vacuum for several hours. However, this procedure is 

not appropriate for many protic ILs as the conjugated acid and base can be volatile resulting in loss 

of one of the IL components [5]. ILs have a remarkable capacity to incorporate water thus, relying 

solely on vacuum conditions does not effectively reduce the water content to an acceptable level 

(depending on the application) within a reasonable timeframe. While it can be sensible to subject 

the sample to heat during vacuum, it is important to exercise caution, as heat can accelerate the 

decomposition of ILs. Alternative approaches may involve employing vacuum azeotropic 

distillation with solvents like toluene. Another requirement is to perform the synthesis of ILs by 
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using highly pure starting materials. This can be achieved through distillation or recrystallization 

of the starting materials. All solvents used for quaternization, and anion metathesis should be dried 

and distilled before. If precautions are not taken it often leads to the formation of colored ILs (for 

e.g. from carbene formation). The common way of removing color is by using insoluble sorbents 

like activated charcoal [29], silica [30], and alumina [5]. One of the other purification methods 

include zone melting [5].  

1.1.6 Task-specific ionic liquids 

Task-specific ionic liquids (TSIL) can be defined as ILs which incorporate a covalently linked 

reactive functionality [31]. The functional group (FG) like carboxylic acid (-COOH) [32], amine 

(-NR3) [33] or nitrile (-CN) [34] can be incorporated either into the anion or cationic part or both 

[18]. Such functionalities can impart additional properties to the ILs that can be thus employed for 

specific tasks, with several objectives. For instance, ILs with appended amines have been 

developed to favor the separation of CO2 from gas stream via carbamate formation [35]. ILs 

modified with a hydroxyl group (-OH) have been used as a phase transfer catalyst for 

ethoxybenzene synthesis [36]. Metal-ligating groups incorporated into ILs can be used for metal-

ion extraction from aqueous solution [37]. The physicochemical properties of these TSILs like 

solubility in molecular solvents, thermal stability and chemical properties like reactivity, depend 

on the nature of the functional groups incorporated [38]. A TSIL can be a RTIL with covalently 

attached FG that can act not only as a reaction medium but also as a reagent/catalyst. A TSIL can 

also be a binary system of functionalized salts, which may be solid at room temperature that can 

be dissolved in a conventional IL [39].  

Synthesis of TSILs can be analogous to that of non-functionalized ILs. The quaternization of 

tertiary amines, phosphines and sulfides with a functional group-incorporated alkyl halide can 

afford the desired TSILs [40]. These salts can be further modified through ion metathesis, anion 

exchange or ion-exchange resin methods. Scheme 1.5 shows the synthesis of imidazolium-based 

TSIL through quaternization of imidazole followed by anion metathesis. 
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Scheme 1.5 Synthesis of TSILs. 

Wasserscheid and coworkers introduced a new method for the synthesis of TSIL by employing a 

sequence of protonation and Michael reactions [41]. In this approach, the imidazole or nucleophile 

of interest is protonated using an acid form of the anion which eventually incorporates into the IL, 

e.g., HPF6 forms PF6-ILs. The desired Michael acceptor is then added to the salt formed, which 

inserts into the N+-H bond (Scheme 1.6). 

 

Scheme 1.6 Synthesis of TSIL using a protonation-Michael reaction sequence. 

 

The purification and characterization methods of the products are similar to the conventional ILs. 

The techniques used to characterize ILs and TSILs are described in section 1.1.8. 

1.1.7 Thermophysical properties of ILs 

Liquidus range – This property refers to the temperature range where the ILs are in their liquid 

forms – the difference between the melting point and the decomposition temperature [42]. It is 
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difficult to obtain accurate values for the melting points of ILs as melting points (Tmp) and glass 

transition temperatures (Tg) can be strongly affected by the presence of impurities [43,44]. Ngo 

and coworkers showed that larger asymmetric cations yielded ILs with lower Tmp and that the 

highest Tmp is associated with symmetric cations [45]. They also showed that branched alkyl chains 

displayed higher Tmp than straight ones. Larger anions tend to result in the lowering of Tmp of ILs 

due to the reduced influence of Coulombic attractions within the crystal lattice and the increase of 

covalent character of the ions [46].  

Density - Extensive experimental data have been collected for density as a function of temperature 

across a series of various ILs [42], including those derived from imidazolium, pyridinium, 

ammonium, phosphonium, etc. In the case of pure ILs, the values exhibit variability, depending 

on the combinations of cations and anions used. For a given cation, e.g. [BMIm]+ and temperature, 

the density of IL increases in the order [BF4]
− < [OTf]− < [PF6]

− < [NTf2]
− [47]. It has been reported 

that increasing halide (Cl− and Br−) and H2O contamination also tends to decrease the density over 

a wide range of values [48]. 

Viscosity - Generally, ILs are more viscous than most of the molecular solvents and this property 

is strongly dependent of the temperature [49,50]. For example, the viscosity of [BMIm][PF6] 

increases by 27% with a temperature increase from 20 to 25 °C [50]. The presence of impurities 

can also have a dramatic impact of the viscosity of the ILs. Considering ILs with the same anions 

and compositions, larger alkyl substituents on the imidazolium cation result in increased viscosity 

[16]. An additional element contributing to the cation's impact on viscosity is the extent of 

asymmetry in alkyl substitutions. Notably asymmetric substitutions have been recognized as a 

crucial factor in achieving reduced viscosities. This is also the case with anions. ILs with highly 

symmetric or spherical anions are more viscous compared to others. For a given IL, e.g 

[Cnmim][NTf2], the viscosity trends is as follows: Cl− > [CH3COO]− > [PF6]
− > [C1SO4]

− > 

[C2SO4]
− > [BF4]

− > [OTf]− > [NTf2]
− [42]. 

1.1.8 Characterization of ILs 

Given the substantial impact of impurities on the properties of ILs, it is essential to thoroughly 

characterize them prior to data reporting. Mass spectrometry (MS), nuclear magnetic resonance 

(NMR) spectroscopy, elemental analysis (EA) [51] are usual techniques which proves relevant to 
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confirm the structure of ILs. Nonetheless, it is important to note that certain impurities cannot be 

directly quantified through these methods. For example, if ILs are contaminated with LiCl, neither 

Li+ nor Cl- will appear in MS because of their small masses, and they may not significantly alter 

the C, H, and N content (%) in EA. As discussed earlier the main impurities in ILs include water, 

organics, halides, and metal-ions. Water content can be assessed using 1H NMR and infrared (IR) 

spectroscopy but below 1000 ppm, Karl-Fischer titration needs to be employed [52]. IR and NMR 

analyses can also be employed to characterize the functional groups present in TSIL [53]. The 

unreacted organic starting materials like 1-methylimidazole and alkyl halides can be easily 

detected using NMR spectroscopy (mainly 1H, 13C). Halide impurities can be assessed using 

several techniques like 19F, 35Cl NMR (>1 mol%), titration with silver nitrate which can be 

monitored visually for qualitative analysis or using the Volhard procedure (>10 ppm), ion 

chromatography (IC, >10 ppm), inductively coupled plasma-mass spectrometry (ICP-MS, >10 

ppb) [5]. Metal-ion impurities exist in two primary forms: 1) as halide salts resulting from 

metathesis by-products and 2) as unreacted metallic starting material salts. Direct analysis of the 

metal itself is not consistently carried out; instead, focus is placed on analyzing the counterions 

originating from metathesis by-products or halide salts. If the amounts of these counterions are 

adequately low, it is assumed that the content of metal is also sufficiently minimal [5]. Thermal 

properties of the ILs can be analyzed using thermal gravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) [45]. The thermal degradation profiles of ILs can be readily acquired 

by exposing the samples to a progressively rising temperature [54]. Other characterization 

techniques include X-ray photoelectron spectroscopy (XPS) [55], UV-visible spectroscopy (UV-

vis) [56] and small angle X-ray scattering (SAXS) [57].  

1.1.9 Applications of ILs 

Over the past decade, ILs have gained significant attention across various fields, including 

chemistry, biochemistry, and material engineering due to their distinct properties, including non-

volatility, high thermal stability, wide electrochemical range, and high ionic conductivity [58–60] 

as mentioned earlier. However, certain limitations of ILs, such as their sensitivity to moisture and 

their acidic or basic nature, could potentially influence their applicability in some fields. 

Additionally, there has been a recent focus on investigating other aspects such as the toxicity, 



 Introduction 

 
  

 

 
12 

 

degradation, and ecotoxicity of ILs [60]. Despite that, the fact that ILs can be tailored or 

customized to meet specific requirements make them highly attractive. Some applications of ILs 

are described in the following section. Figure 1.5 reports some examples of IL application. 

 

Figure 1.5 Applications of ILs. 

 

1.1.9.1 ILs catalyst and reaction media for organic synthesis  

ILs are widely utilized in various organic reactions, offering several advantages. These include 

management of product distribution, enhanced reaction rates and reactivity, ease of product 

separation, catalyst immobilization, and facilitate the recycling [61,62]. ILs can effectively 

substitute traditional volatile organic compounds (VOCs) as solvents in organic reactions [62]. 

The incompatibility of imidazolium-based ILs with bases finds application in diverse reactions 

that do not require a base, such as the creation of N-heterocyclic carbenes, Heck reactions, and the 

generation of nanoparticles (NPs) within ILs [62,63].   

Transition metal complexes in ILs - Many transition metal complexes dissolve readily in ILs, thus 

making them a suitable solvent for transition metal complex catalysis. Based on the anion 

coordinative attributes and the cation reactivity level, the ILs can assume various roles, such as 

acting as an “innocent” solvent, a ligand or precursor to a ligand, a co-catalyst, or even as the 

catalyst itself. ILs consisting of weakly coordinating anions like [NTf2]
−, [BF4]

−, [PF6]
−, etc., 

paired with cations that do not coordinate to the catalyst and do not form species under reaction 
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conditions can be categorized as relatively “innocent” solvents in the realm of transition metal 

catalysis. The primary function of such ILs is to serve as a more or less polar, and more or less 

weakly coordinating environment for the transition metal catalysts [64]. ILs synthesized by the 

reaction of a halide salt and a Lewis acid like chloroaluminate typically serve as a solvent as well 

as a co-catalyst in transition metal catalysis. This is due to the Lewis acidity or basicity, which 

lead to interaction with the catalyst complex [64]. The cation and anion can serve as ligands or 

precursors of ligands for a transition metal complex that is dissolved within the ILs. When the 

catalytic center is cationic, the anion within the ILs can exhibit ligand-like behavior, depending on 

their coordination capabilities. Notably, it has been shown that when the anion of a cationic 

transition metal complex differs from that of the IL, there is a substantial replacement of the metal 

complex anion by the anion from the IL [65]. 

Organic reactions - ILs exhibit high potential as effective catalysts over a wide range of organic 

reactions, acting as a substitute for traditional catalysts that often present limitations in terms of 

selectivity, yield, and reaction conditions. Kore and coworkers reported the acylation of 

isobutylbenzene using chloroaluminate-based ILs and liquid coordination complexes as catalysts 

to replace the conventional catalysts like HF and AlCl3  [66]. Bhongale et al. synthesized five 

sulfonic acid-functionalized ILs with different cations [67]. They showed that these ILs were 

efficient catalysts for the O-alkylation of hydroquinone with methanol in the presence of a small 

amount of benzoquinone. Thus, ILs exhibit remarkable potential as catalysts in diverse organic 

reactions, addressing limitations associated with conventional catalysts and contributing to the 

development of more efficient and environmentally conscious processes. 

Nanoparticle synthesis – ILs have emerged as versatile components that can act both as solvent 

and stabilizers for the synthesis of metal nanoparticles (NPs), providing an efficient synthesis 

method. For instance, Guleria and coworkers used an imidazolium-based RTIL as a solvent, 

reducing and stabilizing agent to synthesize stable α-Se NPs (dm = 34 nm) exhibiting antioxidant 

properties [7]. On a similar note, Garg et al. reported the synthesis of palladium NPs (dm = 1.4 and 

1.7 nm) by employing a choline-based IL [68]. These IL-stabilized Pd NPs exhibited notable 

catalytic efficiency in hydrogenation reactions on substrates with various functional groups. A 

detailed review of metal NPs in ILs is provided in section 1.2.3. 
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1.1.9.2 Electrochemistry  

ILs find wide applications in the field of electrochemistry due to their diverse physico-chemical 

properties which include efficient conducting electrolytes, broad electrochemical potential 

window, high thermal stability, adjustable solubility, etc. [7]. The efficiency of any 

electrochemical device is generally based on the equilibrium between IL properties and electrode 

characteristics [69]. The properties of ILs and electrodes are associated to three primary factors: 

1) conductivity, 2) viscosity and 3) electrochemical potential of ILs. ILs exhibit exceptional ionic 

conductivity due to their ionic nature [70,71]. Although ILs possess high viscosity, this can be 

tailored through appropriate combination of cations and anions [72]. The electrochemical potential 

of ILs is closely related to their oxidation and reduction tendencies. ILs offer a wide range of 

electrochemical potential windows, both in their pure form and when coupled with additives. This 

characteristic is of significant import, as it influences their utility and adaptability in various 

electrochemical applications [73,74]. 

1.1.9.3 Other applications 

Some of the other application of ILs are summarized below [75]: 

i) extraction and separation processes - micro-extraction, biomass extraction, extraction 

of flavonoids etc.   

ii) industries - food and bioproduct, biodiesel production, pharmaceuticals, etc. 

iii) additives - lubricating agents, corrosion inhibitors, surface-active agents, etc.  

iv) analytical applications - gas chromatography columns, stationary phase for high-

performance liquid chromatography (HPLC), etc. 
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1.1.10 Supported ionic liquid phase (SILP) 

Supported ionic liquid phase (SILP) technology is a convenient approach to obtain liquid-solid 

combinations comprising a solid material that effectively retain a liquid on that does not evaporate 

[76]. This method involves the surface modification of a porous solid by dispersing a thin layer of 

IL on it, as illustrated in Figure 1.6. 

 

  

Figure 1.6 Schematic representation of SILP technology where an IL film is dispersed in a porous material. 

Redrawn from [76]. 

By this way it is feasible to transfer distinct characteristics of the fluid onto the surface of a solid 

material by choosing appropriate ions for the IL and confining it to the material surface. As a 

result, the SILP framework allows the tailored production of solid materials, yielding uniform and 

well-defined surface structures with distinct properties and controlled chemical reactivity, thus 

offering a strategy to overcome the non-uniformity often present in traditional materials science. 

Additionally, the SILP technique has the potential to generate materials with novel surface 

properties [76]. The common methods to immobilize ILs onto the surface of a solid material are 

given in Figure 1.7. 
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Covalent anchoring of a monolayer of IL onto 

a solid material support – the IL blends in with 

the support and loses certain of its bulk 

properties like solvation, conductivity, 

viscosity, etc. If the IL contains functionality 

such as acidity, hydrophobicity, this can render 

the surface properties of the support. 

a) 

 

Immobilizing multi-layers of IL onto the solid 

material support – the IL bulk properties can 

be maintained. Metal salts/complexes, 

nanoparticles can be dissolved to render 

functionalities. 

   

b) 

 

Figure 1.7 Main methods to obtain SILP materials based in SILP films according to the phase behavior. 

Redrawn with modification from [76]. 

The SILP materials offer several advantages compared to liquid-liquid and gas-liquid systems, 

which are [76,77]: 

i) high surface area - due to the nature of the support structure, thus enabling the 

interaction with a large number of reactant molecules simultaneously when applied in 

catalysis, leading to enhanced reaction rates and efficiencies.  

ii) thin film formation - ILs can form a thin film over the support and thus limit mass 

transport issues. 

iii) adjustable solvent properties - solvent properties, like solubility can be tailored to meet 

specific requirements. Varying the composition of the IL, the reactants solubility can 

be optimized, leading to improved reaction yields and selectivity. Additionally, the 

solubility of the products can be controlled, allowing for easy separation and recovery. 

iv) thermal stability - most ILs are thermally stable up to 200 °C and above, making them 

suitable for employing in high-temperature applications. For instance, ILs have been 

successfully heterogenized in silica, nanoporous materials, or polymers to use them as 

both catalysts and reaction media for production of biodiesel [78]. 
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v) application in reactor technology – the materials can effectively be utilized in fixed-

bed or fluidized-bed reactor technology.  

vi) efficient catalyst immobilization in a defined environment. 

 

1.1.10.1 Synthesis of SILPs 

There are two different types of SILPs based on the nature of IL fixation. The first type involves 

the straightforward physisorption of the IL onto the high-surface-area support. Here, the 

interaction is relatively weak, encompassing van der Waals forces and hydrogen bonding 

between the IL and the support surface, and the IL is dispersed across the support surface. The 

second type is based on chemisorption of the IL onto the surface where more robust 

connections, including covalent bonding, arise between the support and the IL [79]. 

Support materials - supports for SILP involve commercially available porous silica gels, which 

have moderate-to-high surface area ranging between 300 and 500 m² g⁻¹ [80,81]. The number 

of reactive silanol groups on the silica gel can be reduced by thermal pretreatment [82]. By 

such passivation stable catalyst performance can be achieved as the reaction of these silanol 

groups with the ligands or catalyst reduce the actual concentration of the latter [83]. These 

silanol groups also offer possibilities for the chemical fixation of ILs e.g., the reaction of these 

silanol groups with triethoxysilanes, as reported by Mehnert and coworkers [84] (Figure 1.8). 

Some of the other materials used as supports include mesoporous silica materials (MCM-41, 

MCM-48), silica-alumina materials like zeolites and clays, or other inorganic metal oxide 

supports like Al2O3, TiO2, ZrO2, etc. (6). 

 

Figure 1.8 Covalent bonding of IL fragments to the surface of silica gel. Redrawn from [84]. 
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Various techniques have been developed for the synthesis of SILP materials. Some of them 

include incipient wetness impregnation, freeze-drying, spray coating for dispersion of ILs. 

Chemically bound ILs are synthesized traditionally through sol-gel synthesis. The incipient 

wetness impregnation method and sol-gel synthesis are described briefly below. 

Incipient wetness impregnation - Generally, the IL, and if necessary, the catalyst complex, are 

dissolved in an appropriate organic solvent or water. The support is then added, and the mixture 

is stirred for a defined time. The solvent is subsequently evaporated under mild vacuum 

conditions. This protocol results in the formation of a thin IL layer on the support surface. The 

volumetric ratio between the IL volume (VIL) and the overall pore volume (Vpore, total) of the 

support is given as the liquid loading, 𝛼IL (vol%) (Equation 1.1) 

     𝛼𝐼𝐿 =
𝑉𝐼𝐿

𝑉𝑝𝑜𝑟𝑒,𝑡𝑜𝑡𝑎𝑙
                                                                     (Eq. 1.1) 

One example of successful application of the SILP concept is the continuous gas-phase Rh-

catalyzed hydroformylation reported by Riisager and coworkers. The catalytic material was 

prepared by the impregnation of a transition metal complex containing IL onto a commercially 

available silica gel 100 (surface area 300 m2 g-1, pore volume 1.0 cm3 g-1, pore diameter 137 

Å). The ILs used were [BMIm][PF6] or [BMIm][n-C8H17OSO3] and as catalysts a combination 

of [Rh(acac)(CO)2] and three different phosphine ligands [85]. 

Sol-gel synthesis - A separate IL phase does not exist; instead, the IL acts as a covalently 

tethered ligand. The grafting of the IL is followed by ion exchange to replace certain anionic 

components. This supports the anchoring of anionic catalyst species, including [WO4]
2−, 

[RuO4]
2−, [PdCl2]

2−, [NiCl4]
2−, [CuCl4]

2−, [Al2Cl7]
 −, and [SnCl5]

− [86]. Anchoring the anionic 

portion of the IL enables the immobilization of cationic catalysts. One of many examples, is 

the work of Mehnert and coworkers [84] who reported the synthesis of a SILP catalyst for 

application in liquid-phase hydroformylation. The synthesis included grafting IL fragments 

onto the surface of silica gel. The initial step involved introducing a triethoxysilyl functionality 

to a butylimidazole moiety to provide 1-butyl-3-(3-triethoxysilylpropyl)-4,5-

dihydroimidazolium chloride. The anion exchange for [BF4]
- or [PF6]

- led to the grafting of the 

desired IL to the silica surface. Subsequent grafting of the imidazolium fragment onto the 
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pretreated silica gel, by reflux-heating approach in CHCl3, resulted in formation of an IL-

monolayer-modified support material.  

1.1.10.2 Application of SILPs in catalysis 

A precise understanding of the specific site, required to provide the catalytic function F, is 

essential for effective conversion of substrates to desired products. Catalysts can be categorized 

into four types (A1, A2, B and C), based on the supported ionic liquid films according to the 

nature of the catalytic function F [87] (Figure 1.9, Tables 1.1 and 1.2). 

 

Figure 1.9 Categorization of catalysts based on supported ionic liquid films according to the nature of 

the catalytic function F. a) Type A1, b) Type A2, c) Type B and d) Type C redrawn from [87]. 
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Table 1.1 Categorization of catalysts based on supported ionic liquid films according to the nature of 

the catalytic function F [87]. 

Type A1 - task-specific ILs Type A2 - immobilized homogeneous catalysts 

and metal nanoparticles (NPs) 

1) The catalytic function F may be introduced by 

a moiety that is chemically attached either to the 

cation or the anion (or both) of the ILs. 

2) This arrangement provides a high concentration 

of active sites, which is beneficial for slow 

reactions where the reaction occurs in the catalytic 

phase.  

3) To address the potential diffusion limitations 

across the phase boundary during faster reactions, 

a thin IL film can be used, or the functionalized IL 

can be diluted with non-functionalized IL. 

1) The molecular catalysts can be dissolved 

within a narrow IL film, functioning similarly to 

homogeneous catalysts (F). To reduce leaching 

the catalyst needs to have high solubility in the 

IL compared to the fluid phase. 

 

2) After the substrate molecules pass the phase 

boundary, they exhibit easy diffusion within the 

catalyst phase towards the molecular catalyst. 

Here, they get converted into products. These 

products must then diffuse back across the phase 

boundary and into the bulk fluid.  

3) Metal NPs can be immobilized in thin films of 

ILs [80]. The NPs can either be synthesized 

directly in the ILs that will act a stabilizer [88], 

or they can be synthesized outside, using a 

suitable stabilizer, and then transferred into the 

ILs. 

 

 

Table 1.2 Categorization of catalysts based on supported ionic liquid films according to the nature of 

the catalytic function F [87]. 

Type B – heterogeneous catalysts coated with 

ILs 

Type C – chemically bound monolayers of ILs 

1) A support with catalytically active sites on its 

surface (heterogeneous catalyst) can be coated 

with a thin layer of IL. This serves a dual 

function: it provides the necessary reactive sites 

1) A reduced quantity of IL leads to the 

formation of a monolayer coating on the entire 

support surface or appears as IL islands, coating 

specific areas of the support. The IL is used to 
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and also acts as a stationary carrier for the IL 

film. 

2) The thin IL film has a transformative effect 

on how substrate molecules access the active 

centers residing on the support surface. This 

change in access influences the catalytic 

process. 

3) Compared to traditional heterogeneous 

catalysis, the substrate encounters two steps: 

passage through phase boundary between the 

bulk fluid and the IL film, as well as the IL film 

itself. The relative concentration of substrate, 

intermediates, and products in the vicinity of the 

active sites is influenced by the actual 

concentrations in the fluid phase and the 

partitioning coefficients for each molecule 

between the bulk fluid and IL. 

4) Metal NPs can also be attached on the surface 

of the support and then coated with thin layer of 

ILs. The morphology of the NPs may vary in the 

presence of the ILs. It is controlled by the 

strength of interaction between support and 

NPs, support and IL, and NPs and IL. 

transfer the functionality F to the support 

surface. 

2) The bonding between the IL and support 

usually involves chemisorption, providing 

specific interaction between the cation of the IL 

and reactive sites present on the surface of the 

support. Such monolayers are resistant to 

leaching. 

3) A notable advantage of IL monolayers is their 

ability to avoid the limitations arising from slow 

diffusion of reactants and products across the 

phase boundary. 

 

Several examples report the application of the SILP concept for catalysis. Some of them include 

hydrogenation [89,90], hydroamination [91,92], hydroformylation [82], carboxylation [93] 

reactions, among others. Selected systems used in hydrogenation reactions are summarized in 

Table 1.3.  
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Table 1.3 Selected examples for the use of supported ionic liquid catalysts in hydrogenation reactions. 

Adapted from [87]. 

Type of catalyst Ionic Liquid Support Reaction 

medium 

Operation 

mode 

Ref. 

Ru, Rh 

complexes 

Phosphonium salt Silica Slurry Batch [94] 

Rh complex [BMIm][PF6] Silica gel 

 

Fixed-bed Continuous [95] 

FeRu NPs [1-butyl-3-(3-

triethoxysilylpropyl)-

imidazolium][NTf2] 

SiO2 Fixed-bed Batch [96] 

Pd NPs TMGL Molecular 

sieve 

Slurry Batch  [90] 

Pt NPs [BM2Im][OTf] Flame-dried 

silica 

Fixed-bed Continuous [97] 

Pd NPs [BMIm][SbF6] Modified 

CNT 

Slurry Batch [98] 

TMGL: 1,1,3,3-tetramethylguanidine lactate; NTf2: bis(trifluoromethylsulfonyl)imide; OTf-: trifluoromethylsulfonate; CNT: 

carbon nanotubes. 

 

1.2  Metal nanoparticles 

Nanotechnology is a scientific discipline that deals with the preparation and use of nano-size 

particles within the size range of 1 to 100 nm. The term 'nanoparticle' originates from the Greek 

word 'nano,' meaning 'small' and, when used as a prefix, denotes a size of 10-9 meter (= 1 nm) [99]. 

Metal nanoparticles (NPs) including transition metal NPs find versatile applications in various 

fields like molecular biology, medicine, physics, organic and inorganic chemistry, and material 

science [100,101]. Decreasing particle size to the nanoscale imparts unique and enhanced 

characteristics like morphology and particle size distribution, which are not exhibited by larger 

bulk materials [102]. Electronic properties of metal NPs are situated at the frontier between 

molecular species and bulk compounds [103]. Their surface-to-volume ratio is significantly higher 

than that of larger particles or atoms, leading to a high number of potential active sites on the 

surface [104]. This unique extrinsic property of the surface area of NPs contributes to them being 
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highly attractive and influences also various intrinsic properties, including their strong surface 

reactivity which is size-dependent [105]. The properties observed at the nanoscale are mainly due 

to two key factors: 

1) Quantum size effect [106]: In bulk metals, the electronic behavior is characterized by the 

presence of energy bands. The valence band contains the valence electrons, typically s- and 

d-electrons in the case of transition metals. The conduction band of metals partially 

overlaps with the valence band and hence is partially occupied by electrons responsible for 

the electrical conductivity of metals. In semiconductors the valence and conduction bands 

are separated by a specific energy gap, which is considerably larger in insulators. When a 

metal particle undergoes continuous size reduction the bands turn into discrete energy 

levels. At this stage, the bulk properties of the metal disappear and are substituted by 

"quantum dot," which are governed by the principles of quantum mechanics. Such 

confinement of charge carriers within a small space, resulting in discrete energy levels, is 

referred to as the "quantum size effect." It brings changes in the electronic properties of 

metals in NPs.  

2) Surface/interface effect [107,108]: Metal NPs offer a higher number of potential active 

sites compared to bulk catalytic materials due to their high surface-to-volume ratio making 

them highly attractive as catalysts. Furthermore, the diverse shapes, crystallographic facets 

and different fractions of surface atoms located at their corners and edges can contribute to 

their versatility in catalytic applications.  

Different synthesis methods (see next section) allow to have metal NPs in a reproducible way to 

study their properties. 

 

1.2.1 Synthesis of metal nanoparticles (NPs) 

Various chemical and physical techniques like chemical reduction, electrochemical reduction, 

thermal decomposition etc. have been employed for the synthesis and stabilization of metal NPs 

[109]. The choice of the method to synthesize metal NPs is key as during the synthesis, processes 

like kinetics of interaction of metal ions and reducing agents, adsorption of stabilizing agents with 

metal NPs have strong influence on the structure and size (morphology), stability and 

physicochemical properties of the metal NPs [110]. The different techniques for the synthesis of 
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metal NPs are categorized into two main types: 1) bottom-up methods - where atoms and 

molecules are employed as starting materials and 2) top-down methods - where a bulk material is 

used as the starting material and particles size is reduced to NPs regime [110,111] (Figure 1.10, 

Table 1.4).  

 

Figure 1.10 Synthesis methods for MNPs. 

 

Table 1.4 Methods for synthesis of metal NPs. 

Top-down methods Bottom-up methods 

Mechanical milling – ball milling, 

mechanochemical synthesis 

Solid state methods - physical and 

chemical vapor deposition 

Thermal evaporation Liquid state methods - sol-gel, chemical 

reduction, hydrothermal, solvothermal 

Laser ablation Gas phase spray pyrolysis, laser ablation, 

organometallic synthesis. 

Sputtering Other methods -electrodeposition, 

microwave, and ultrasound technique. 
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The establishment of reproducible and controlled synthesis methods to obtain well-defined NPs in 

terms of shape, size and composition is of utmost significance in the field of nanochemistry. In 

this context, the organometallic approach refined by Chaudret and Philippot and collaborators for 

over 25 years, provides an effective method for the synthesis of small and well-defined metal NPs 

[112,113]. The following section will focus on the utilization of the organometallic approach for 

synthesizing metal NPs as developed within my research team at LCC-CNRS, Toulouse. This 

section will include a discussion of the overall methodology, recent advancements, and the 

selection of organometallic precursors.    

1.2.2 Organometallic approach for the synthesis of metal NPs  

Organometallic compounds (or metal-organic complexes) are the source of metal atoms for the 

organometallic approach [113]. Organometallic complexes involve the association of one or more 

metal atoms with carbon-containing fragments and they can be σ-bonds (metal-alkyl), π-bonds 

(metal-olefin/arene), or a combination of both, as seen in compounds like allyl, cyclopentadienyl, 

cyclooctadiene etc.[114]. Pleass and coworkers [115] reported the first example of organometallic 

complex reaction with reducing gases where they synthesized nickel nanopowders using hydrogen 

to reduce nickelocene and study the kinetic of the deposition of Ni onto powder surface. Chaudret, 

Bradley and coworkers later developed the synthesis of Pd NPs and PdCu alloy by employing the 

organometallic approach [116–118]. The Pd based organometallic complexes employed for metal 

NPs synthesis include palladium acetate, Pd(OAc)2 and bis(dibenzylideneacetone)palladium, 

Pd(dba)2 and the copper precursor was copper acetate hydrate, Cu(OAc)2.xH2O . The controlled 

decomposition of (1,3-cyclooctadiene)(1,3,5-cyclooctatriene) ruthenium, [Ru(η4-C8H12)(η
6-

C8H10)] or [Ru(COD)(COT)], in the presence of small amounts of various stabilizers like polymers 

and ligands to synthesize Ru NPs were also reported [113].  

In the organometallic approach, the metal-organic complexes (metal precursors) with zero or low 

oxidation state of the metal are decomposed at mild reaction conditions in the presence of carefully 

chosen ligands (Scheme 1.7). Olefinic complexes are preferred as hydrogenation of such 

complexes results in the reduction of the unsaturated ligands within their coordination sphere into 

their corresponding alkanes, which are inert towards the metallic surface [113]. For example, 

[Ru(COD)(COT)] is easily decomposed under hydrogen (1-3 bar) at room temperature [119], 
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bis(1,5-cyclooctadiene)nickel, [Ni(C8H12)2] or [Ni(COD)2] can be employed for the preparation of 

Ni NPs [120] and dirhenium(II) tetraallyl complex, [Re2(C3H5)4] allowed to get pure Re NPs [121]. 

All these precursors generate byproducts like propane and cyclooctane which are inert to the metal 

surface and can be removed under vacuum. The stabilizing agent introduced at the beginning of 

the reaction plays a crucial role, as it governs the characteristics of the resulting nanostructures 

[113]. Some of the stabilizers include simple ligands such as alcohols [122], thiols [123], silanes 

[124], aminoalcohols [125], 3-aminopropyltriethoxysilane [126], amines [123], diphosphines 

[127] and ionic liquids [128] as well as polymers [129] can also be used. Through this method, a 

wide variety of metal nanostructures can be obtained by adjusting the choice of metals, reaction 

conditions, and stabilizing agents.  

 

Scheme 1.7 Schematic representation for the synthesis of metal nanoparticles (NPs) by the organometallic 

approach adapted from [113]. 

The organometallic approach for the synthesis of metal NPs provides numerous advantages, which 

are primarily centered around the precise control of the reaction conditions (which in-turn affect 

the surface of the particles) and the control over particle characteristics (size, size distribution and 

shape). Such control allows to obtain monodispersed NPs with desired properties. One potential 

challenge lies in the synthesis and handling of organometallic complexes that require inert 

conditions. Nevertheless, the advantages gained in terms of controlling the characteristics of NPs 

make the efforts involved justifiable. Indeed, having well-controlled metal NPs allow to finely 

investigate their properties for applications in different domains, including catalysis among others. 
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Some of the experimental techniques that are used for NPs characterization are listed in Table 1.5 

[130]. 

Table 1.5 Techniques applicable for characterization of NPs. 

Technique Information obtained Ref 

NMR (all types) 

Nuclear magnetic resonance 

Influence of ligands on NP shape and 

morphology, density and arrangement of 

ligand, atomic composition 

[131] 

[132] 

SAXS  

Small-angle X-ray scattering 

Particle size, size distribution [133] 

XPS 

X-ray photoelectron spectroscopy 

Oxidation states, electronic structure, 

elemental composition 
[134] 

FTIR 

Fourier transform infrared 

spectroscopy 

Ligand binding and surface composition,  [135] 

[136] 

TGA 

Thermal gravimetric analysis 

Mass and composition of stabilizers, 

ligand stability on the surface. 

[137] 

 

ICP-OES, ICP-MS 

Inductively coupled plasma optical 

emission spectroscopy and mass 

spectrometry 

Elemental composition, size, NP metal 

concentration 

[138] 

[139] 

TEM, HRTEM, STEM  

Transmission electron microscopy 

High-resolution TEM 

Scanning electron microscopy 

 

 

NP size, size monodispersity, shape, 

aggregation, crystal structure of single 

particles. crystallinity: monocrystalline, 

polycrystalline and amorphous NPs.  

Combined with HAADF (High-angle 

annular dark-field imaging], EDX 

(Electron diffraction) for morphology 

study, crystallinity 

[130] 

SQUID-nanoSQUID  Magnetization saturation, blocking 

temperature 

[140] 

[141] 

DLS 

Dynamic light scattering 

Hydrodynamic size, detection of 

agglomerates 

[142] 
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Technique Information obtained Ref 

UV-Vis 

Ultraviolet-visible spectrophotometry 

Optical properties, size, concentration, 

agglomeration state 

[143] 

WAXS 

Wide-angle X-ray scattering 

Size, crystal structure/crystallinity, 

interparticle distance. 

[144] 

Powder-XRD 

X-ray diffraction 

Size, crystal structure [145] 

 

1.2.3 Metal nanoparticles in ionic liquids (ILs) 

It is well-established that ILs, particularly those derived from imidazolium salts, can be effectively 

used for the in-situ generation and stabilization of metal NPs [146]. These ILs are excellent 

stabilizing agents and, importantly, exhibit high self-organization at the nanoscale. ILs form 

extensive hydrogen-bond networks in their liquid state, rendering these supramolecular fluids with 

structural directionality [147,148]. The structural organization can act as "entropic driver," for the 

spontaneous and well-defined ordering of nanostructures [146,149,150]. The properties of ILs, 

especially those based on imidazolium salts, are primarily based on the formation of aggregates 

rather than the individual cations and anions [149,150]. The basic unit typically consists of one 

imidazolium cation surrounded by at least three anions, and reciprocally, each anion is encircled 

by at least three imidazolium cations. The network structure gives rise to continuous three-

dimensional ionic channels within the ILs, coexisting with non-polar regions which can form 

dispersed microphases in some cases, while in others continuous phases [146]. The segregation of 

polar and non-polar domains in imidazolium based ILs profoundly influences their solvation 

properties and their interactions with various species. As a result, polar substances tend to dissolve 

preferentially in polar domains, while non-polar compounds find affinity within non-polar regions 

[73]. Thus, non-polar transition-metal precursors (organometallic compounds) tend to dissolve in 

the non-polar domains of the IL, while polar precursors have an affinity for the polar regions. The 

volume of these nano-regions within the IL influences the size and shape of the metal 

nanoparticles. Figure 1.11 shows the different stabilization/interaction by IL/TSIL towards metal 

NPs [128,151]. 
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Figure 1.11 Different types of stabilization provided by ILs/TSILs. 

 

1.2.4 Catalytic applications of metal NPs in ILs 

In the field of heterogeneous catalysis, the utilization of metal NPs is firmly established mainly 

due to their exceptional reactivity. One of the key attributes is the increase in the number of surface 

atoms with decreasing particle size. These surface atoms serve as the active sites, being thus crucial 

for catalytic processes. Since the number of surface atoms influences their catalytic reactivity a 

precise control over the metal NP size holds great importance [152]. In the case of metal NPs 

synthesized in ILs, the choice of cations and anions may impact the morphology and electronic 

properties of metal NPs and in turn strongly influence their performance in catalysis [153]. Several 

families of small and well dispersed metal NPs synthesized in ILs have been employed in catalytic 

reactions including hydrogenation, hydroformylation, coupling reactions, etc. [153]. 

Since this PhD project mainly involves Ru and Ni NPs synthesis and application in hydrogenation 

reactions, a main focus has been given in the following to recently reported Ru- and Ni-based 

nanocatalysts in ILs for hydrogenation reactions of different substrates. 
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1.2.4.1 Hydrogenation with Ru NPs in ILs 

Table 1.6 summarizes recent examples of the application of Ru NPs in ILs for hydrogenation 

reactions. The examples evidence that Ru NPs in ILs have been employed for the selective 

hydrogenation of different functional groups including CO, CO2, quinoline, ketone and aldehydes. 

One of the challenging reactions, the hydrogenation of CO2 to either methane or formic acid 

preferentially, can be achieved by Ru NPs, employing the appropriate ILs and reaction conditions. 

Many Ru NPs stabilized by ILs like [BMIm][NTf2] and [BMIm][PF6] have also been employed 

for the selective hydrogenation of arenes like benzene, toluene, o-xylene [156]. Additional 

literature review on the synthesis and catalysis of Ru NPs in different ILs have been provided in 

Chapter 3. 
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Table 1.6 Recent examples of the application of Ru NPs in ILs for hydrogenation reactions. 
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Table 1.6 Recent examples of the application of Ru NPs in ILs for hydrogenation reactions. 
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Table 1.6 Recent examples of the application of Ru NPs in ILs for hydrogenation reactions. 

 

 

 



 Introduction 

 
  

 

 
34 

 

Table 1.6 Recent examples of the application of Ru NPs in ILs for hydrogenation reactions. 
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1.2.4.2 Hydrogenation with Ni NPs in ILs 

Selective hydrogenation reaction is traditionally facilitated by noble metals like Pd, Ru, and Pt. 

Nickel-based metal NPs were initially considered as poor catalysts because of their sensitivity to 

oxidation when exposed to air or solvents such as water. Despite of this, Ni NPs synthesized using 

various stabilizers, including ILs, have emerged as providing good conversion and selectivity in 

various hydrogenation reactions with substrates such as olefins, nitro compounds and α,β-

unsaturated aldehydes. Examples of different catalytic hydrogenation reactions using Ni NPs 

synthesized in ILs have been provided in Table 1.7 and additionally in Chapter 4. 
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Table 1.7 Examples of the application of Ni NPs in ILs for hydrogenation reactions. 
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Table 1.7 Examples of the application of Ni NPs in ILs for hydrogenation reactions. 
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1.2.5 Bimetallic nanoparticles  

Apart from monometallic NPs, NPs containing a mixture of two (bimetallic) or more metals are 

also interesting species for catalytic applications. They generally present an improvement of 

properties due to the synergistic effects between the metals, and the rich variety of structures, 

compositions, and properties [161]. The organometallic approach is also performant for the 

synthesis of bimetallic NPs [162,163]. The four main types of bimetallic nanostructures are shown 

in Figure 1.12 and are: a) core-shell, b) subcluster segregated, c) mixed and d) three-shell NPs 

[161].  

 

 

Figure 1.12 Schematic representation of some possible mixing patterns in bimetallic MNPs: a) core-shell, 

b) subcluster segregated, c) mixed and d) three-shell NPs [154].  

 

1.2.5.1 Bimetallic NPs in catalysis  

Alloying allows the fine-tuning and modification of metal properties, including catalytic activity 

[164]. The mutual influence between different neighboring atoms can result in catalytic behavior 

that is different and often better from that of monometallic clusters due to “synergistic effects" 

[165]. Bimetallic catalysts using Pt with Ir or Re have seen widespread application in 
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petrochemical reforming [161]. Bimetallic NPs containing different transition metals have been 

used in hydrogenation reactions for substrates like CO2 as well as biomass-derived substrates 

among others. For instance, Philippot, Axet and coworkers reported the synthesis of core-shell 

Ru@Pt (core@shell) and Pt@Ru NPs by two step decomposition of [Ru(COD)(COT)] and 

[Pt(CH3)2(COD)] in different molar ratios (1:1, 1:2, 1:4) using 4-(3-phenylpropyl)pyridine (PPP) 

as a stabilizer [162]. They employed the NPs for the selective hydrogenation of cinnamaldehyde 

(CAL). They observed a direct correlation between the catalytic activity and surface Pt content 

with higher surface Pt resulting in higher activity. Thus, Ru1Pt4 NPs exhibited higher activity 

compared to other compositions in the RuPt series, and similarly, Pt1Ru1 NPs in the PtRu series. 

The same group also synthesized RuNi NPs by the decomposition of [Ru(COD)(COT)] and 

[Ni(COD)2] by H2 in the presence of polyvinylpyrrolidone (PVP) as ligand using different Ru/Ni 

ratio. The catalytic activity of the NPs was studied by applying it for the selective hydrogenation 

of furfural. They showed that catalysts presenting Ni on the surface were highly selective towards 

the partially hydrogenated products, while those with Ru were able to hydrogenate the 

heteroaromatic ring [166]. 

Bimetallic NPs synthesized in ILs have also proved to be efficient catalysts for hydrogenation 

reactions. For example, Dietrich et al. reported the synthesis of PtSn NPs with an average diameter 

of 2-3 nm by chemical reduction of the metal salt precursors PtCl2 and Sn(OAc)2 in 

[MOc3N][NTf2] (methyltrioctylammonium bis(trifluoromethylsulfonyl)imide) IL using 

triethylborohydride as reducing agent. The catalyst was employed in the selective hydrogenation 

of cinnamaldehyde. The PtSn NPs showed higher selectivity (80-100%) towards the α,β-

unsaturated cinnamic alcohol whereas monometallic Pt NPs showed 100% selectivity towards 

hydrocinnamic aldehyde [167]. Dupont and coworkers [168], reported the synthesis of bimetallic 

core@shell Ru@Pt NPs by the decomposition of [Ru(COD)(2-methylallyl)2] followed by 

[Pt2(dba)3] in [BMIm][PF6] (1-butyl-3-methylimidazolium hexafluorophosphate) and obtained 

NPs with average size 2.9 ± 0.2 nm. They performed the hydrogenation of benzene by dissolving 

the NPs in n-heptane which afforded 5% benzene conversion with 21% selectivity towards 1,3-

cyclohexadiene, a performance which was not observed when using monometallic Pt or Ru NPs 

under the same reaction conditions. Dupont and coworkers [169] also reported the synthesis of 

RuNi NPs with an average diameter of 2-3 nm, containing a Ru rich shell and Ni-rich core in 
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[BMIm][NTf2] IL using the precursors [Ni(COD)2] and [Ru(COD)(2-methylallyl)2]. They 

employed the NPs for CO2 hydrogenation and found that the RuNi NPs in [BMIm][NTf2] 

(hydrophobic IL) allowed 30% conversion of CO2 to light hydrocarbons (79% alkanes, 16% 

olefins and 5% CH4) under very mild reaction conditions, whereas [BMIm][BF4] (hydrophilic IL) 

mainly afforded CO. The same group immobilized RuPd NPs in [BMIM][PF6] IL using 

[Ru(COD)(2-methylallyl)2] and [Pd2(dba)3] as precursors and obtained well-dispersed RuPd NPs 

with an average diameter of 2.2 ± 1.1 nm (RuPd 1:1), 2.2 ± 0.5 nm (RuPd 1:9) and 3.6 ± 1.8 nm 

(RuPd 9:1), respectively. The catalytic activity of the bimetallic NPs was evaluated in the 

hydrogenation of benzene and phenol under biphasic conditions (N-heptane/IL mixture). In 

benzene hydrogenation, NPs generated from a 1:1 ratio of Ru:Pd showed 94% benzene conversion 

and 99% selectivity towards cyclohexane. However, the conversion decreased under the same 

reaction conditions when the Ru:Pd ratio was 9:1 or 1:9 showing that decreasing the Pd content 

made the bimetallic material to behave as pure Ru NP, whereas increasing the Pd content indicated 

preferable Pd catalytic behavior and reduced the activity towards hydrogenation of arenes. The 

RuPd NPs were also examined for the selective hydrogenation of phenol, where the bimetallic 

RuPd NPs (1:1) promoted the hydrogenation of phenol to exclusively form cyclohexanone [170].  

 

1.3  Objectives and outlook 

The main objectives of the thesis include: 

1) The synthesis and characterization of ionic liquids (IL) and functionalized ionic liquids 

(FILs).  

2) Utilization of the synthesized ILs for synthesis of transition metal nanoparticles (NPs) 

mainly employing ruthenium, nickel and rhenium metals. Complete characterization of 

these metal NPs/ILs systems through state of art techniques including TEM, TGA, XPS, 

NMR, ATR-IR etc.  

3) Employment of the series of metal NPs/ILs systems in catalytic hydrogenation of substrates 

like styrene, cinnamyl alcohol, 2,3-benzofuran, trans-2-hexen-1-al, hexanal, benzonitrile, 

benzylamine, phenylacetylene and (R)-(+)-limonene to study the activity and reactivity of 

such systems. 

 



 Introduction 

 
  

 

 
41 

 

1.4  Summary 

The organometallic approach has several advantages and is widely utilized for the synthesis of a 

diverse range of metal NPs. ILs are potential stabilizers for metal NPs synthesis rendering NPs 

with different size, shape, morphology, and catalytic properties. Their dual role as solvents during 

NPs synthesis provide the additional benefit to reduce chemical waste. Metal NPs prepared using 

ILs have been employed in a wide variety of hydrogenation reactions of CO2, ketones and 

aldehydes, olefins etc. Ru and Ni NPs have in particular been found to be effective catalysts in 

hydrogenation reactions due to their high catalytic efficiency and selectivity, as seen from the 

plethora of works reported in literature. Careful choice of the ion composition in ILs can impart 

good catalytic efficiency to the metal NPs and coherently modify the surface, and this PhD work 

relies in this domain of research. In the next chapters, the synthesis of Ru-, Ni- NPs in FILs (H, 

MEM, MME and CN) have been performed and their application in hydrogenation catalysis will 

be described. Synthesis of bimetallic RuRe NPs has also been attempted. 
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2. Synthesis and characterization of imidazolium ionic liquids 

 

2.1 Introduction 

Imidazolium-based ionic liquids (ILs) have attracted significant interest in the area of metal 

nanoparticle (NPs) synthesis and catalysis. This is primarily attributed to two main reasons: 1) 

their capacity to tune the metal nanoparticle size according to the alkyl side chain of the 

imidazolium and 2) their convenient functionalization to introduce various functionalities that can 

act as a coordinating capping ligand [1] for the stabilization of the NPs during their synthesis, for 

e.g., nitrile [2], phosphine [3] etc. Additionally, imidazolium cations are precursors to N-hetero-

cyclic carbenes (NHCs) that can be formed by the in-situ deprotonation of the acidic C-2 proton 

of the ring [4]. These NHCs can also serve as a surface coordinating ligand for the NPs 

stabilization. Many imidazolium salts exist as liquids at room temperature due to their low melting 

points [5]. These ILs can be synthesized with different counter anions, such as Cl-, [BF4]
-, [PF6]

-, 

and [NTf2]
- (bis(trifluoromethanesulfonyl)imide) [6]. Specifically, the [NTf2]

- anion imparts high 

thermal stability to imidazolium ILs [7] and provides hydrophobic properties to the ILs [8,9]. As 

illustration, the decomposition temperature (Tdec) of some imidazolium-based ILs with different 

anions is reported in Table 2.1, [NTf2]
- based ILs displaying the highest Tdec  [7]. Thermal stability 

being essential for catalysis as it can be performed at high reaction temperatures [10],  high thermal 

stability for catalysts based in IL is a desirable goal. The hydrophobicity in ILs is interesting as it 

allows an efficient purification of the ILs by removal of salts with water allowing to obtain high 

purity compounds.  

Table 2.1 Decomposition temperature Tdec (C) of imidazolium based ILs stablished with 

thermogravimetric analysis.a 

Cation Anions 

Cl- [BF4]- [PF6]-  [NTf2]- 

C1C3Imb 

 
269 393 440 453 

C1C4Im 
 

150 280 349 439 

C1C6Im 
 

253 

 

425 417 461 
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Cation Anions 

Cl- [BF4]- [PF6]-  [NTf2]- 

C1C8Im 
 

243 - 376 425 

C1C1C2Imb 

 

290 - 500 456 

C1C1C3Im 

 

260 390 399 462 

a Selected data taken from reference [7]. The heat rate is 10 C.min-1 and b 20 C.min-1 

 

Given their advantages in terms of purification and functionalization, imidazolium type cation and 

[NTf2]
- anion ILs were chosen to stabilize the metal NPs. Thus, a series of imidazolium-based ILs 

was synthesized using the Menshutkin reaction, where a tertiary amine is converted into a 

quaternary ammonium salt by a nucleophilic substitution with an alkyl halide, see chapter 1, 

section 1.1.4 for more details.  A subsequent anion exchange produces the desired pair of ILs [11]. 

This chapter focuses on synthesizing task-specific (TS) ILs, namely MEM (1-

methoxyethoxymethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide) and MME (1-

methoxymethoxyethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide) (Table 2.3). 

This choice is inspired by the literature data evidence that methoxy functionality (Table 2.2) can 

lead to well dispersed and highly active metal nanoparticles for catalysis. Numerous examples can 

be found in the literature of metal nanoparticles that have been synthesized using polyethylene 

glycol (PEG) as stabilizer and that have shown high catalytic activity in several reactions. For 

instance, palladium (Pd) NPs stabilized by PEG demonstrated remarkable catalytic activity and 

recyclability towards styrene and nitrobenzene hydrogenation under mild reaction conditions. The 

formed nanoparticles were well dispersed and had an average diameter of 4 nm [12]. As another 

non-exhaustive example, Sun and coworkers synthesized homogeneously distributed PEG-

stabilized Rh nanoparticles of 1.7 nm in size by simple reduction of RhCl3.3H2O under hydrogen. 

The formed Rh NPs were found as a highly efficient and recyclable catalyst for the 

hydroformylation of olefins [13].  
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Table 2.2 Selected examples of metal NPs synthesized in stabilizers bearing a methoxy functionality. 

Metal precursor Stabilizer NP size (nm) Ref. 

Pd(OAc)2 PEG400, 800, 1000, 2000, 4000, 6000 4 - 5  [12] 

RhCl3.3H2O PEG4000  1.7 ± 0.4  [13] 

Pd(OAc)2 C12Im-PEG IL 1.9 ± 0.3  [14] 

Pd(OAc)2 PEG2000, 4000, 6000 3 - 6  [15] 

 

Given that, our concept entailed to combine the stabilization effect of the methoxy groups and the 

versatile nature of the ILs by synthesizing imidazolium ILs incorporating the methoxy 

functionality. A non-functionalized IL, 1-hexyl-3-methyl imidazolium 

bis(trifluoromethanesulfonyl)imide, H, [16] and one functionalized IL 1-butylcyano-3 

methylimidazolium bis(trifluoromethanesulfonyl)imide, CN, [17] (Table 2.3) were synthesized 

for comparison purposes. To gain a comprehensive understanding of the physical and chemical 

properties of the obtained ILs, a thorough characterization has been performed. This includes 

analyses by infrared (IR) spectroscopy, thermal gravimetry (TG), differential scanning calorimetry 

(DSC), X-ray photoelectron spectroscopy (XPS), nuclear magnetic resonance (NMR) 

spectroscopy (1H, 13C{1H}, 19F, 13C dept-135) and small angle X-ray scattering (SAXS). 

Table 2.3 Structure of synthesized imidazolium-based ionic liquids. 

Ionic liquid Structure 

H 

 

MEM 

 

MME 

 

CN 
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2.2 Experimental section 

2.2.1 Synthesis of functionalized ionic liquids (FILs) 

(1-Hexyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide (H). The synthesis of H 

was carried out by modifying a previously described procedure [16]. 1-Chlorohexane (13.36 g, 

110.7 mmol) was added dropwise to 1-methyl imidazole (8.24 g, 100.2 mmol) in a round bottom 

flask and the mixture was stirred for 24 h at 80 C. Then, the solution was washed several times 

with diethyl ether (50 mL) and dried in vacuo before the addition of Li[NTf2] (30.17 g, 104.9 

mmol) dissolved in distilled water (20 mL). The mixture was stirred for 24 h at room temperature. 

The resulting IL (lower phase) was then separated and washed several times with distilled water 

( 100 mL) until no precipitate of AgCl formed when aqueous AgNO3 was added to the washing 

water. Finally, the remaining water was removed by stirring the IL under vacuum ( 0.05 mbar) 

at 60 C overnight. 

Yield: 38.90 g (85%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.97 (s, 1H), 7.29 (t, 3H), 7.26 (t, 1H), 4.17 (t, 2H), 3.95 (s, 

3H), 1.86 (m, 2H), 1.32 (m, 6H), 0.88 (t, 2H). 13C{1H} NMR (101 MHz, CDCl3): δ (ppm) 136.44, 

123.71, 122.22, 118.33, 50.42, 36.56, 31.07, 30.15, 25.89, 22.42, 13.96. 19F NMR (376 MHz, 

CDCl3): δ (ppm) -79.01 (s, CF3). 

ESI-MS: positive, ([%]) m/z 167.1 [HMIm]+ (100); negative, ([%]) m/z 279.9 [NTf2]
- (100).  

IR νmax/cm-1: 3157 (w), 2924 (w), 2862 (w), 1346 (s), 1180 (s), 1050 (s). 

Elemental analysis (%); Calculated for C12H19N3O4S2F6: C, 32.21; H, 4.28; N, 9.39; Found: C, 

32.01; H, 4.22; N, 9.35. 

1-Methoxyethoxymethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide (MEM). 

The synthesis of MEM was achieved through a similar route as previously described [18]. 2-

Methoxyethoxymethyl chloride (6.10 g, 49.0 mmol) was added dropwise to 1-methyl imidazole 

(4.12 g, 50.1 mmol) dissolved in dry DCM (70 mL) in a Schlenk tube under inert atmosphere. 

After stirring at room temperature for 24 h, DCM was removed under vacuum, and the remaining 

IL was washed several times with diethyl ether ( 50 mL) followed by removal of excess solvent 

under vacuum ( 0.05 mbar). A solution of Li[NTf2] (14.53 g, 52.2 mmol) in distilled water (20 

mL) was then added and the mixture stirred at room temperature for 24 h. The resulting IL (lower 
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phase) was then separated and washed several times with distilled water ( 100 mL) until no 

precipitate of AgCl formed when aqueous AgNO3 was added to the washing water. Finally, 

remaining water was removed by stirring the IL under vacuum ( 0.05 mbar) at 60 C overnight. 

Yield: 20.23 g (90%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.91 (s, 1H), 7.45 (t, 1H), 7.33 (t, 1H), 5.59 (s, 2H), 3.98 

(s, 3H), 3.74 (t, 2H), 3.54 (t, 2H), 3.34 (s, 3H). 13C{1H} NMR (400 MHz, CDCl3): δ (ppm) 136.37, 

123.80, 121.32, 118.08, 79.38, 71.23, 69.70, 58.91, 36.52.  19F NMR (400 MHz, CDCl3): δ (ppm) 

-81.00 (s, CF3).  

ESI-MS: positive, ([%])) m/z 171.1 [MEMmim]+ (100); (negative, ([%])) m/z 279.9 [NTf2]
- (100). 

IR νmax/cm-1: 3162 (w), 2943 (w), 2833 (w), 1346 (s), 1180 (s), 1098 (s), 1050 (s).  

Elemental analysis (%); Calculated for C10H15N3O6S2F6: C, 26.60; H, 3.35; N, 9.31. Found: C, 

26.02; H, 3.30; N, 9.52. 

1-Methoxymethoxyethyl-3-methyl imidazolium bis(trifluoromethanesulfonyl)imide (MME). 

The synthesis of MME was performed by modifying a previous described procedure [19]. 1-

Bromo-2-(methoxymethoxy)ethane (8.69 g, 51.40 mmol) was added dropwise to 1-methyl 

imidazole (4.20 g, 51.20 mmol) dissolved in dry acetone (40 mL) in a round bottom flask. The 

reaction mixture was refluxed at 65 C for 48 h before washing with acetone ( 50 mL) and 

removing of volatiles in vacuo. A solution of Li[NTf2] (14.53 g, 52.20 mmol) in distilled water 

(20 mL) was then added and the reaction mixture stirred at room temperature for 24 h. The 

resulting IL (lower phase) was then separated and washed several times with distilled water ( 100 

mL) until no precipitate of AgBr formed when aq. AgNO3 was added to the washing water. 

Remaining water was removed by stirring the IL under vacuum ( 0.05 mbar) at 60 °C overnight.  

Yield: 19.16 g (83%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.77 (s, 1H), 7.42 (t, 1H), 7.28 (t, 1H), 4.61 (s, 2H), 4.39 (t, 

2H), 3.95 (s, 3H), 3.86 (t, 2H), 3.30 (s, 3H 13C{1H} NMR (400 MHz, CDCl3): δ (ppm) 136.65, 

123.17, 121.37, 118.17, 96.54, 65.20, 55.61, 50.12, 36.41. 19F NMR (400 MHz, CDCl3): δ (ppm) 

-81.00 (s, CF3).  

ESI-MS: positive, ([%]) m/z 171.1 [MMEmim]+ (100); negative, ([%]) m/z 279.9 [NTf2]
- (100). 

IR νmax/cm-1: 3162 (w), 2943 (w), 2833 (w), 1346 (s), 1180 (s), 1098 (s), 1050 (s).  



 Chapter 2. Synthesis and charaterization of imidazolium ionic liquids  

 

  

 
  59 
 

Elemental analysis (%); Calculated for C10H15N3O6S2F6: C, 26.61; H, 3.35; N, 9.31. Found: C, 

26.10; H, 3.02; N, 9.52. 

1-Butylcyano-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (CN). The synthesis 

of CN was carried out following a previously described procedure [17]. 5-Chlorovaleronitrile (8.46 

g, 71.90 mmol) was slowly added to 1-methyl imidazole (4.92 g, 59.9 mmol) and the mixture 

stirred at 80 C for 4 h. Next, the temperature was increased to 110 °C and the reaction was stirred 

for 24 h. The resulting brownish-yellow liquid was washed several times with diethyl ether ( 50 

mL) and then decolorized by stirring with a mixture of activated charcoal (0.7 g, 58.2 mmol) in 

distilled water (10 mL) overnight. After removal of the activated charcoal by filtration, Li[NTf2] 

(20.09 g, 69.9 mmol) in distilled water (20 mL) was added and the reaction mixture stirred at room 

temperature for 24 h. The resulting IL (lower phase) was then separated and washed several times 

with distilled water ( 100 mL) until no precipitate of AgCl formed when aqueous AgNO3 was 

added to the washing water. Remaining water was removed by stirring the IL under vacuum ( 

0.05 mbar) at 60 °C overnight.  

Yield: 21.27 g (80%). 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.97 (s, 1H), 7.94 (s, 1H), 7.90 (s, 1H), 4.72 (t, 2H), 

4.38 (s, 3H), 2.50 (m, 2H), 2.19 (m, 2H). 13C{1H} NMR (400 MHz, DMSO-d6): δ (ppm) 135.47, 

123.79, 122.26, 48.68, 35.88, 28.69, 21.79, 16.07. 19F NMR (400 MHz, DMSO-d6): δ (ppm) -

80.40 (s, CF3).  

ESI-MS: positive, ([%]) m/z 164.1 [C4CNmim]+ (100); negative, ([%]) m/z 279.9 [NTf2]
- (100). 

IR νmax/cm-1: 3161(w), 2963(w), 2252(w), 1346(s), 1180(s), 1050(s).  

Elemental analysis (%); Calculated for C11H14N4O4S2F6: C, 29.73; H, 3.10; N, 12.61. Found: C, 

29.70; H, 2.75; N, 12.56.  

The materials and characterization methods used have been provided in Chapter 7. 

 

2.3 Results and discussion 

2.3.1 Synthesis of the ILs 

As first step, imidazole was reacted with an alkyl halide (RX) containing the desired functionality. 

This was done at given temperatures (room temperature (R.T) to 110 °C), in a solvent or under 
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neat condition. This led to the imidazolium halide (Cl- /Br-) IL as the result of the quaternization 

of the imidazole (I).  

       

After washing and drying the obtained imidazolium halide IL with diethyl ether/ethyl acetate or 

acetone in the case of MME, LiNTf2 dissolved in water was added to the IL and the mixture was 

stirred at R.T (II) to perform an anion exchange.  

         

The anion exchange reaction resulted in the formation of water insoluble imidazolium [NTf2]
-  IL 

with LiX (X = Cl- /Br-) as byproduct in the aqueous phase. The aqueous phase was then separated, 

and the formed IL was repeatedly washed with water to remove the LiX (X = Cl- /Br-). A reaction 

test was performed to ensure the complete removal of the LiX, by addition of AgNO3 to the 

washing aqueous phase. The IL was thus, washed several times until no precipitate of AgX was 

formed.         

The so-synthesized ILs were then thoroughly characterized in order to determine their physical 

and chemical properties, details are given in the next sections. 

 

2.3.2 Characterization of the ILs 

a) ATR-IR analysis 

Infrared (IR) spectroscopy is one of the most established and standard technique to characterize 

ILs [20–22]. This technique allows to identify the functional groups present. Vibrational studies 

of ILs with imidazolium as cation have been widely discussed in literature [23,24]. The region of 
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high frequencies ranging from 2800 to 3200 cm-1 displays a composite arrangement of overlapping 

bands that are specific to various stretching modes of C-H bonds. Within the range of 800 to 1600 

cm -1, distinct bands that correspond to the vibrations of the imidazolium ring can be observed. 

The range of 400 to 800 cm-1 also encompasses ring vibrations [25]. The stretching frequency of 

[NTf2]
- anion ranges between 400 – 2000 cm-1 [26]. Figure 2.1 depicts the IR analyses of the ionic 

liquids H, MEM, MME, and CN. The bands at 1050, 1180, 1346 cm-1 can be assigned to the 

stretching frequencies of SN, CF3, SO2, respectively, in [NTf2]
-. The bands at 1099 and 1098 cm-

1 correspond to the C-O stretching of MEM and MME, respectively. The CN stretching can be 

seen at 2248 cm 1. The bands at the high frequency region 2800 to 3200 cm-1 correspond to the C-

H bonds of the imidazolium cation (Table 2.4). The absence of O−H stretching mode of water in 

the range 3400−3800 cm-1 confirmed the high purity of all the ILs. 

 

Table 2.4 Infrared spectral bands of ILs.  

Wavenumber (cm-1) Assignment Ref. 

H MEM MME CN 

1051 (s) 1049 (s) 1050 (s) 1051 (s) CC str, NCH3 twist, 

SNS asym str 

[26] 

- 1097 (m) 1097(m) - CO str [27] 

1130 (s) 1131(s) 1132 (s) 1130 (s) SO2 sym str  

[26] 
1179 (s) 1179 (s) 1180 (s) 1177 (s) CF3 asym str 

1328 (m); 

1349 (m) 

1346 (m) 1346 (m) 1328 (m); 

1348 (m) 

SO2 asym str  

- - - 2248 (vw) CN str [28] 

2931 (w) 2936 (w) 2934 (w) 2963 (vw) CH3(N)HCH asym Str  

[26] 
3124 (w) 3120 (w) 3116 (w) 3118 (w) C-H str 

3151 (w) 3157 (w) 3154 (w) 3158 (w) C-H str  

vw=very weak; w=weak; m=medium; s=strong; str=stretch, sym=symmetric, asym=asymmetric 
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Figure 2.1 ATR-IR spectra of ILs. 

b) TG and DSC analysis 

Thermal gravimetry (TG) and differential scanning calorimetry (DSC) analyses were performed 

to evaluate the thermal properties of the synthesized ILs. It is known that the side chain of the 

cation and the nature of the anion influence the thermal stability of the ILs [5]. The thermal 

decomposition temperature (Tdec) of non-functionalized imidazolium-based ILs primarily relies on 

the nature of the anion, regardless of the specific cation [5]. ILs derived from halides consistently 

exhibit the lowest Tdec, whereas the fluorinated anions show the highest Tdec [29–31]. The order of 

stability for anions is: [NTf2]
- > [PF6]

- ≥ [BF4]
- > Cl- [7]. ILs containing weakly coordinating anions 

are usually more stable due to their reduced nucleophilic nature. The most common decomposition 

mechanism resulting in the formation of alkyl halides is the SN1 or SN2 nucleophilic substitution 

mechanism [32]. The loss of alkyl chain resulting from the nucleophilic substitution (SN2) by the 

anion (reverse Menschutkin reaction) [33,34], the Hofmann elimination yielding alkenes from the 
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break of the N-C bond [35,36] and rearrangement reactions [37] to obtain different isomers of the 

alkenes are some of the reactions reported during the decomposition process. N-heterocyclic 

carbene (NHC), cation ring openings and SO2 are some of the other products observed [7]. 

Presence of a functional group can also influence the thermal stability of the imidazolium ILs [38], 

as a potential decomposition of the functionalized part can happen at lower temperatures. Evidence 

suggests that Tdec of imidazolium ILs is not sensitive to the presence of oxygen, as similar 

decomposition behavior is noticed in both N2 and O2 environment [5]. However, there is also 

evidence that some imidazolium salts, namely the tetrafluoroborate and hexafluorophosphates 

decompose at lower temperature in the presence of oxygen [39]. Impurities (starting materials, Li+, 

H2O > 1 wt.%) can also have a significant effect on Tdec [40], requiring a careful removal of 

impurities by repeated washing with solvents. Water content can be reduced by stirring and heating 

under high vacuum overnight. In our case, such a treatment afforded a H2O amount less than 50 

ppm in all ILs. TG analysis of all purified ILs were then performed in N2 atmosphere in order to 

compare their thermal stability (Figure 2.2).  

 

Figure 2.2 TG analyses of ILs 
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The H and CN FILs proved to be the most thermally stable, presenting the highest Tdec with a Tonset 

of 404 °C and 454 °C, respectively. In contrast, MEM and MME showed an initial weight loss, 

attributed to the ether functionalities based on the calculated wt.% loss, between 230–320 °C (18.6 

wt.%) and 308–360 °C (7.8 wt.%), respectively, evidencing that the methoxy-containing FILs 

were thermally less stable. Nevertheless, all the four ILs exhibited good thermal stability. 

The DSC curve of ILs generally exhibits four different peaks which are glass transition 

temperature (Tg), crystallization temperature (Tc)/freezing point (Tfp), melting point (Tmp) and 

decomposition temperature (Tdec) [41]. The analysis of the calorimetric data for H and MEM, 

showed supercooling since the freezing point (Tfp) was lower than the melting point (Tmp) while 

MME and CN only showed a glass transition (Tg) temperature (Figure 2.3). Table 2.5 depicts the 

melting point (Tmp), freezing point (Tfp), super cooling (∆T), and the glass transition temperature 

(Tg) of the four ILs. 

 

Figure 2.3 DSC analyses of ILs 
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Table 2.5 Melting and freezing points of ILs.a  

ILs Melting point (Tmp) 

°C  

Freezing point (Tfp) 

°C 

Super cooling (∆T) 

°C 

Glass transition temperature 

(Tg) °C 

H -8 -26 18 - 

MEM 33 -15 48 -67 

MME - - - -78 

CN - - - -89 
a determined from DSC data 

 

c) XPS analysis 

X-ray photoelectron spectroscopy (XPS) analyses were performed on the four ILs. XPS is a surface 

sensitive technique that can be used to study the surface-interface properties of the ILs and the 

chemical composition of the near-surface region [42]. Due to the unavoidable vapor pressure, 

investigation of conventional liquids is generally very difficult, as the XPS technique requires 

ultra-high vacuum (UHV) conditions, with pressure < 10-6 mbar. However, ILs are out of such 

restriction due to their low vapor pressure. Survey scans (Figure 2.4) and high-resolution spectra 

(Appendix B) for all the ILs were recorded. Due to the differential charging that occurs during 

probing, the spectra were referenced by setting the C 1s binding energy at 284.9 eV.  
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Figure 2.4 XPS survey of ILs 

For all the ILs, the N 1s spectrum contains two peaks, one at the lower binding energy attributed 

to the N 1sanion and the other at higher binding energy to that of N 1scation. The S 2p (2p3/2, 2p3/2) 

contains a single doublet peak due to the spin orbital coupling. The peak positions observed on the 

spectra are consistent with the literature data [43–45]. The O 1scation and O 1sanion in MEM and 

MME display similar binding energies and hence only a single peak is observed [42,46]. Among 

the high-resolution spectra of all elements, C 1s exhibits the highest complexity. It contains five 

fitted compounds attributed to five different carbons of both the cation and anion. The C 1s peaks 

between binding energy (Eb) 290 – 290 eV correspond to the C 1s environment of the cation and 

the peak with the higher Eb attributes to that of the anion [47]. The binding energies (Eb), atomic 

ratio (%) and the full-width-at-half-maximum - FWHM (eV) of the C 1s and N 1s, O 1s, S 2p and 
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F 1s of the ILs are summarized in Table 2.6 and Table 2.7, respectively. Figure 2.5 shows the 

chemical structure related to the different ILs and the corresponding numbering of atoms. 

 

 

Figure 2.5 Chemical structures of the ILs with numbering of atoms. 

 

Table 2.6 Binding energies (eV) of C 1s for the carbon atoms in the ILs. 

Atoma Binding energy IL (EIL) Atomic ratio (%) FWHM (eV) 

H 

C1 284.80 52.73 1.37 

C2 286.43 26.55 1.29 

C3 287.41 5.310 1.14 

C4 288.85 3.710 1.14 

C5 292.59 10.15 1.13 

MEM 

C1 284.80 28.00 1.30 

C2 286.36 11.10 1.20 

C3 287.59 3.10 1.20 

C4 288.39 5.00 1.00 

C5 292.59 2.10 1.00 

MME 

C1 284.80 

 

28.0 1.30 



 Chapter 2. Synthesis and charaterization of imidazolium ionic liquids  

 

  

 
  68 
 

Atoma Binding energy IL (EIL) Atomic ratio (%) FWHM (eV) 

C2 286.31 11.10 1.20 

C3 287.51 3.10 1.20 

C4 288.75 5.00 1.00 

C5 292.38 2.10 1.00 

CN 

C1 284.80 46.03 1.44 

C2 286.12 35.50 1.44 

C3 287.72 2.07 1.21 

C4 288.66 7.25 1.18 

C5 292.30 7.83 1.14 

a C1-C5 correspond to the carbon atoms in the ILs as numbered in Figure S32. 

 

Table 2.7 Binding energies (eV) of the chemical states of the atoms in the ILs. 

Element Binding energy IL (EIL) Atomic ratio (%) FWHM (eV) 

H 

N 1s (anion) 399.08 35.00 1.25 

N 1s (cation) 401.71 65.00 1.27 

S 2p3/2  168.78 64.58 1.18 

S 2p1/2 170.00 35.42 1.25 

F 1s  688.38 100.00 1.79 

O 1s (cation/anion) 532.17 89.39 1.44 

H2Oabsorbed 533.62 10.61 1.44 

MEM 

N 1s (anion) 399.14 49.80 1.44 

N 1s (cation) 401.70 50.21 1.44 

S 2p3/2  168.70 66.84 1.22 

S 2p1/2 169.97 33.16 1.19 

F 1s 688.44 100.00 1.82 

O 1s (cation/anion) 532.29 70.18 1.44 

H2Oabsorbed  533.10 29.82 1.44 

MME 

N 1s (anion) 398.91 36.85 1.29 
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Atoma Binding energy IL (EIL) Atomic ratio (%) FWHM (eV) 

N 1s (cation) 401.52 61.42 1.32 

S 2p3/2 168.54 67.40 1.24 

S 2p1/2 169.79 32.60 1.22 

F 1s (LiF) 684.24 6.03 1.70 

F 1s (anion) 688.19 93.97 1.79 

O 1s (CO3
2-) 530.22 9.15 1.44 

O 1s (cation/anion) 532.03 68.25 1.44 

H2Oabsorbed 533.25 22.60 1.44 

CN 

N 1s (anion) 398.99 59.91 1.37 

N 1s (cation) 401.50 40.36 1.19 

S 2p3/2  168.47 65.51 1.19 

S 2p1/2 169.71 34.49 1.23 

F 1s 688.08 97.39 1.77 

O 1s (CO3
2-) 530.09 10.39 1.44 

O 1s (cation/anion) 531.86 74.04 1.44 

H2Oabsorbed  533.23 15.57 1.44 

 

d) NMR analysis 

Characterization of the ILs was also performed using nuclear magnetic resonance (NMR) 

spectroscopy (1H, 13C{1H}, 19F, 13C dept-135). Through this, purity of the synthesized ionic liquid 

with respect to the starting materials and the molecular structure was evaluated. The 1H NMR for 

all ILs showed the characteristic peaks between 7.25 and 10.25 ppm which can be attributed to the 

imidazolium protons (C2-H, C4-H, C5-H). The analysis of 13C{1H} and 13C dept-135 NMR 

revealed peaks located between 120 and 145 ppm corresponding to the three imidazolium carbon 

atoms present in the ionic liquids (ILs). 19F analysis showed a single peak at negative chemical 

shift value corresponding to the 6 fluorine atoms present on the [NTf2]
- anion of the ILs. No peak 

of impurities was observed thus qualitatively stating that if present, the impurities were present 

only in negligible amounts below the detection value of NMR. The 1H NMR showed negligibly 

small peak of H2O. The 1H, 13C{1H}, 19F, 13C dept-135 NMR spectra for all IL are provided below 

(Figure 2.6, 2.7, 2.8). 
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Figure 2.6 1H NMR of ILs  
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Figure 2.7 13C{1H} NMR of ILs. 
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Figure 2.8 19F NMR of ILs 

 

e)  SAXS analysis 

 

 

Figure 2.9 X-ray diffraction patterns for the series of ILs 
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Small angle X-ray scattering (SAXS) analysis was performed on all the ILs in collaboration with 

Prof. John Slattery and Dr. Naomi Elstone at University of York, UK to study the nature of cation-

cation, anion-anion, and cation-anion ordering (Figure 2.9). Two primary diffraction peaks can be 

observed in the ranges q ≈ 8-9 nm-1 (peak II) and q ≈ 12.9 (peak III). The q-value is called the 

scattering vector and is a function of the scattering angle: 

q = 
4𝜋𝑠𝑖𝑛𝜃

𝜆
 , 2θ is the angle of deflection 

For H, one additional peak at q ≈ 2-4 nm-1 can also be seen. Previous studies of imidazolium ionic 

liquids with different anions have observed similar diffraction features [48–50]. Peak I depend 

strongly on the alkyl chain length and reflects on the structural heterogeneity on the nanometer 

scale of the ILs. Peak II at ~8.8 nm-1, which is commonly called the "charge-ordering peak" (COP) 

is interpreted as relating to correlations between like charges (anion-anion and cation-cation 

separations) [51]. Comparing the ILs, the order of intensity of the peak is as follows MME > MEM 

~ CN > H which can be seen by plotting the intensity of the peaks against the different ILs (Figure 

2.10 a). Peak III at ~ 13.5 nm-1 is commonly referred to as the "contact peak" (CP). The CP is 

interpreted as relating to correlations between ions of opposite charges i.e., the typical separation 

of the anions and cations [52]. The ILs follow the same intensity order as peak II. Figure 2.10 b 

shows the special correlation length LII (L = 2 π/ qII) and LIII (L = 2 π/ qIII) for the four ILs. The 

special correlation length was found to be similar in all ILs for both the peaks. 
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Figure 2.10 a) Intensity of peak I and II vs. ILs and b) correlation length (L) vs. ILs 

 

2.4 Summary 

A series of four imidazolium-based ILs, one non-functionalized and three functionalized, namely 

H, MEM, MME, and CN, were synthesized in good yields by using the standard quaternization 

and anion exchange reaction synthesis procedure. A complete characterization including IR, TG, 

DSC, NMR, XPS and SAXS analyses was performed for all synthesized ILs. IR analysis allowed 

to establish the stretching frequency and the different functional groups of both the anion and the 

cation (CN, CO, SO2, CF3, etc.) thus confirming the identity of each IL. TG and DSC analyses 

gave information on the thermal behavior of the ILs. They were found to be thermally stable above 

200°C for MEM and MME and 450°C in the case of H and CN. The binding energies (Eb) of the 

elements present in each IL were obtained through XPS analysis. The purity of the ILs was 

evaluated from the NMR analysis. The presence of the characteristic 1H and 13C peaks also 

contributed to confirm the structure of the ILs. The interactions and ordering of the cations and 

anions of the ILs were studied using SAXS technique. These synthesized and fully characterized 

ILs have been then used for the stabilization of transition metal nanoparticles of ruthenium 

(Chapter 3) and nickel (Chapter 4). The IL was also tested for the synthesis of ruthenium-rhenium 

bimetallic nanoparticles (Chapter 5). 
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3. Synthesis, characterization, and application in catalysis of 

ruthenium nanoparticles in functionalized ionic liquids  

Major part of this chapter was reproduced from Krishnan, D.; Schill, L.; Axet, M.R.; Philippot, K.; 

Riisager, A. Nanomaterials 2023, 13, 1459. Copyright [2023] MDPI. 

 

 

 

 

3.1 Introduction 

The decomposition of the organometallic ruthenium complex (η4-1,5-cyclooctadiene)(η6-1,3,5-

cycloocta-triene)ruthenium(0), [Ru(COD)(COT)], with dihydrogen under mild conditions is a 

powerful method to access small and well-controlled ruthenium NPs (Ru NPs) for applications in 

catalysis [1]. As discussed in Chapter 1, using an organic solvent and a carefully chosen stabilizer 

(polymer or ligand), the organometallic approach allows control of the surface properties of the 

Ru NPs. This strategy has also proved efficient using ILs as reaction media for the formation of 

finely controlled Ru NPs. For instance, Santini and coworkers found for a series of alkyl-

substituted imidazolium bis(trifluoromethanesulfonyl)imide ILs, namely [RMIm][NTf2] (M = 

methyl, R = ethyl, butyl, hexyl, octyl and decyl), [R2Im][NTf2] (R = butyl) and [BMMIm][NTf2] 

(B = butyl, M = methyl), that the sizes of the formed Ru NPs correlated with the solubility of 

[Ru(COD)(COT)] in the non-polar domains of the ILs, which increased with the alkyl-chain length 
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[2]. The same group also reported the synthesis of Ru NPs of various size (1-3 nm) from 

[Ru(COD)(COT)] in [BMIm][NTf2] IL by varying the experimental conditions. The relationship 

between size and catalytic performance of Ru NPs was probed by the catalytic hydrogenation of 

1,3-cyclohexadiene (CYD) and cyclohexene (CYE), which showed that the catalytic activity 

increased with the NP size. Regarding the selectivity for cyclohexene CYE vs. cyclohexane 

(CYA), it decreased with larger Ru NP size [3]. The group of Moores studied the dependency of 

catalytic stability and activity for Ru NPs stabilized in phosphonium- and imidazolium-type ILs 

[P4,4,4,1][NTf2] (P4,4,4,1 - tributylmethylphosphonium), [P4,4,4,8][NTf2] (P4,4,4,8 - 

tributyloctylphosphonium) and [P4,4,4,14]X (P4,4,4,14 - tributyltetradecylphosphonium) (X = [NTf2]
-, 

[OTf]-, [PF6]
-), [BMIm][NTf2] and [BMMIm][NTf2] with respect to the ionicity of the ILs using 

[Ru(COD)(2-methylallyl)2] as the precursor. They showed the most stable Ru NPs were formed 

in the ILs having lower ionicity (as the result of strong associations between the IL cations and 

anions). The IL-stabilized Ru NPs were investigated in the biphasic hydrogenation of CYE to 

CYA, showing that the stability and activity of the NPs depended on the nature of the IL [4]. 

Starting from same organometallic precursor, bis(2-methylallyl)(1,5-

cyclooctadiene)ruthenium(0), [Ru(COD)(2-methylallyl)2], Dupont and coworkers reported the 

synthesis of Ru NPs in the cyano-FIL [(CH3CH2CH2CH2CN)MIm][NTf2] [5]. Their results 

showed the influence of the FILs on the catalytic properties of the so-obtained Ru NPs, which were 

selective towards nitrile hydrogenation of a series of nitrile-containing aromatic compounds, 

without displaying any arene hydrogenation which otherwise typically occurs with Ru NPs. The 

difference in reactivity most likely originated from interaction of the IL-nitrile functionality with 

the Ru surface preventing the arene hydrogenation. Pádua and coworkers studied the solvation and 

stabilization mechanism of Ru NPs using density functional theory (DFT) methods, demonstrating 

that the 2 nm size Ru NPs were solvated by both the anions and the cations of the ILs, where the 

interface layer was one ion thick [6]. This finding of solvation was in line with the finding of the 

aforementioned work by Dupont and coworkers.  

Selective hydrogenation of styrene (S) into ethylbenzene (EB) is of interest in the petroleum 

industry, where the product is widely used in value-added aromatics and in the gasoline pool [7]. 

For the selective hydrogenation of S to EB, most literature describes the use of catalysts like 

polyethylene glycol stabilized Pd [8] carbon nanotubes (CNTs) supported Pt [9] or bimetallic 
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systems (Ni-CeO2-x/Pd) [10], whereas very few examples are reported for S hydrogenation using 

Ru NPs in ILs/FILs. Vignolle and coworkers synthesized Ru NPs stabilized with polymerized ILs 

(PILs) based on N-vinyl imidazolium and hydrogenated S as a model reaction to study the 

correlation between chemo-selectivity and the nature of counter anion. They showed that I-/[NTf2]
- 

anion exchange enabled the chemo-selective hydrogenation of S to switch from EB to 

ethylcyclohexane (ECH) [11]. Jiang and coworkers reported the synthesis of Ru NPs from 

RuO2·xH2O in phosphine-FILs [BMMIm]3[tppt] (tppt = tri(m-sulfonyl)triphenylphosphine) and 

[BMMIm][PF6], and demonstrated that Ru NPs stabilized by the former FIL showed high activity 

and selectivity in the hydrogenation of functionalized olefins, aromatic nitro compounds and 

aromatic aldehydes [12]. The same group also reported the synthesis of Ru NPs from RuO2·xH2O 

and [Ru(COD)(2-methylallyl)2] in phosphine-FILs like [BMIm][tppm] (tppm = mono(m-

sulfonyl)triphenylphosphine) and [BMIm]3[tppt] and their application in the chemo-selective 

hydrogenation of diverse substrates such as vinylarenes, aromatic ketones, aldehydes and 

quinolines. Here, S was converted selectively into EB (30 C, 10 bar H2, S/Ru ratio of 500) with 

full conversion in 4 h [13]. These results have paved the way for exploring the capability of Ru 

NPs stabilized by ILs bearing other functional groups than phosphines, such as ethers, to catalyze 

the production of EB more efficiently under even milder reaction conditions. 

In this chapter the synthesis and characterization of Ru NPs stabilized by two ether-FILs, 1-

methoxyethoxymethyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

[MEMIm][NTf2] or MEM, and 1-methoxymethoxyethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl) imide, [MMEIm][NTf2] or MME are reported following the 

organometallic approach. The novel Ru/FILs NPs systems (Ru/MEM and Ru/MME) were applied 

for hydrogenation of styrene and phenylacetylene to probe the surface reactivity of the Ru NPs. In 

particular, the influence of the ether functions on the catalytic performance was studied and 

compared to two counterpart catalytic systems based on Ru NPs stabilized by the non-

functionalized IL 1-hexyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide (Ru/H) and 

the cyano-FIL [(CH3CH2CH2CH2CN)MIm][NTf2] (Ru/CN), respectively. The obtained results 

evidenced a clear influence of the FIL on the hydrogenation selectivity of the Ru NPs between 
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vinyl and aromatic hydrogenation of styrene, thus demonstrating the key role of the FIL in the 

catalytic systems. 

3.2 Experimental section 

3.2.1 Synthesis of FIL-stabilized Ru nanoparticles (Ru/FILs NPs) 

In a typical synthesis, [Ru(COD)(COT)] (9.40 mg, 0.03 mmol) and a given IL (1 mL) were 

introduced in a Fischer-Porter reactor under argon atmosphere, and the mixture stirred (1500 rpm) 

at 40 C for 24 h. The so-obtained homogeneous yellow mixture was then exposed to 3 bar of H2 

in dynamic flow for 10 min and then in a static mode for 22 h at room temperature, except for CN, 

for which a temperature of 60 C was applied. Next, generated cyclooctane was removed under 

vacuum ( 0.05 mbar) at room temperature and the resultant black colloidal suspension containing 

RuNPs/FIL stored under inert atmosphere inside a glovebox prior to analyses and/or catalytic 

reactions. The materials and characterization methods used have been provided in Chapter 7. 

 

3.2.2 Catalytic hydrogenation  

Catalytic hydrogenation of phenylacetylene (PA) or styrene (S) were performed in a 20 mL 

Fischer-Porter reactor under 5 bar of H2 pressure at 30 C using a stirring rate of 900 and 1500 

rpm, respectively. In a typical experiment, a mixture containing a given Ru/FILs NPs catalyst (0.02 

mmol of metal), substrate (4 mmol) and octane (0.05 mL, 0.3 mmol) as internal standard was 

loaded in the reactor. Aliquots of the reaction mixture were taken at different intervals of time for 

quantitative gas chromatography (GC) analysis in order to follow the evolution of each reaction.  

Recyclability tests for styrene (S) were performed after each catalytic run by washing the spent 

Ru/FILs NPs catalyst three times with pentane (3  4 mL) to remove substrate and formed 

products, followed by drying under vacuum ( 0.05 mbar at room temperature). The dried Ru/FILs 

NPs phase was mixed with a new batch of substrate and the reaction performed under the same 

catalytic conditions as mentioned above. This operation was repeated five times. Transmission 

electron microscopy (TEM) and inductively coupled plasma (ICP) analyses were performed on 

the spent Ru/FILs NPs after catalysis.  
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3.2.3 Solubility test of styrene and ethylbenzene 

The solubility of styrene (S) and ethylbenzene (EB) in the different ILs was determined as follows: 

a mixture of IL (0.5 mL) and S or EB (2 mL) was stirred at room temperature for 24 h in a vial 

and then allowed to settle for 0.5 h. The excess of S or EB present on the top of the mixture was 

removed via cannula filtration, then pentane (5 mL) was added and the mixture vigorously stirred 

to extract the dissolved S or EB from the IL to the pentane. The extraction procedure with pentane 

was duplicated twice The pentane phase was then analyzed by GC using octane (0.03 mmol) as 

internal standard and the quantitative GC data allowed to determine the concentration of S and EB 

dissolved in each IL.  

 

3.3 Results and Discussion 

3.3.1 Synthesis of Ruthenium Nanoparticles in ILs (Ru/ILs NPs): optimization of reaction 

conditions 

As a first attempt to prepare Ru NPs in the synthesized ILs as described in chapter 2 (Ru/ILs NPs), 

[Ru(COD)(COT)] was stirred (1500 rpm) at room temperature for 24 h aiming to completely 

dissolve the precursor in the ILs. However, due to the relative high viscosity of the ILs, the Ru 

precursor crystals did not all dissolve well. To address this issue, the crystals where grinded into a 

powder to enhance the rate of the dissolution of the precursor in the ILs. Upon grinding and 

increasing the stirring temperature to 40 °C, complete dissolution of [Ru(COD)(COT)] in the ILs 

was achieved in 24 h. Ru/ILs NPs systems were then synthesized by introducing 3 bar H2 to the 

Fischer-Porter reactor containing the homogeneous mixture at room temperature except for the 

nitrile-FIL (CN), where complete decomposition of the Ru complex required a higher temperature 

of 60 °C (Scheme 3.1). During a period of 22 h, the color of the reaction turbid mixture was 

observed to change from yellow to black which indicated the decomposition of the Ru complex 

(Figure 3. 1). 
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Figure 3.1 Synthesis of Ru NPs in MEM ILs. 

The metal content of each batch of Ru/ILs NPs was established by ICP analysis and found to be 

close to the expected value of 0.2 wt.% Ru (Table 3.1).  

 

Scheme 3.1 Synthesis of Ru/FILs NPs.  

 

Table 3.1 Metal content of the Ru/FILs NPs and mean size of the formed Ru NPs. 

Ru/FILs NPs Ionic liquid Ru content (wt.%) a Ru NP mean size 

with standard 

deviation (nm) b 

Ru/H 
 

0.16 1.5 ± 0.8 

Ru/MEM 
 

0.20 2.2 ± 0.3 

Ru/MME 
 

0.17 1.3 ± 0.1 

Ru/CN 
 

0.20 1.3 ± 0.2 

a Determined by ICP analyses. b Determined from analyses of TEM images. 
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3.3.2 Characterization of the Ru/FILs NPs 

 

a) TEM analysis 

The synthetic procedure led to the formation of well-dispersed Ru NPs in all the ILs with a mean 

size ranging from 1.3 to 2.2 nm as observed by TEM analyses. Figure 3.2 shows the TEM images 

of Ru NPs stabilized in the ILs. High-resolution TEM (HRTEM) and high-angle annular dark-field 

scanning TEM (HAADF-STEM) analyses were also performed on all the Ru/FILs NPs systems 

(Figure 3.3) 

 

 

Figure 3.2 TEM images of Ru/FILs NPs with their corresponding size distribution (scale bar = 100 nm). 
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Figure 3.3 HRTEM and HAADF-STEM images of Ru/FILs NPs (scale bar = 10 nm). 
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b) TG analysis 

TG analyses of the Ru/FILs NPs were performed under N2 and their stability compared with that 

of the respective ILs (Figure 3.4 and Appendix C) [14]. Notably, the Ru/FILs NPs showed a 

lower decomposition temperature Tdec of all the comprised ILs, thus indicating a close interaction 

between the ILs and the Ru NPs. The difference in decomposition temperature (ΔTdec) of the ILs 

in the presence or the absence of Ru NPs was highest for H. This may result from geometrical 

stabilization of the Ru NPs inside the non-polar domains of H [2], leading to a maximum proximity 

of the alkyl chains of H with the Ru surface and favoring their decomposition. Oppositely, the 

smallest ΔTdec was observed for CN in which the Ru NPs are expected to interact strongly through 

the CN functionality, and therefore have less influence on the decomposition of the alkyl chain 

compared to the H counterpart [5,15–17]. Concerning the two methoxy-FILs, MEM and MME, 

the ΔTdec were found intermediate between those of H and CN, thus indicating some interaction 

between the surface of the Ru NPs and the ILs but less pronounced than with CN. Hence, overall, 

the Ru/ILs NPs colloidal suspensions remained robust when exposed to high temperature. 

 

Figure 3.4 TG profiles of the ILs (solid lines) and corresponding Ru/FILs NPs (dotted lines). 

c) XPS analysis 
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XPS analyses were also performed on the Ru/FILs NPs, which showed similar spectra as those 

obtained of the ILs. The corresponding survey spectra for the Ru/FILs NPs are depicted in Figure 

3.5. The deconvoluted high-resolution scan spectra of the different elements (C 1s, N 1s, F 1s, S 

2p, O 1s) are compiled in Appendix C. Tables 3.2, 3.3 and 3.4 summarize significant differences 

in binding energies of the Ru/FILs NPs compared to those of the ILs without Ru NPs. 

 

 

Figure 3.5 XPS survey spectra of Ru/FILs NPs. 

 

Noticeable shift in some binding energies was observed in the presence of Ru NPs (ERuIL) with 

respect to the IL, as represented by E and summarized in Table 3.2 for the different elements. 

For H, the EC1s was more pronounced for C2 and C3 (Table 3.3) of the cation, while it was lower 

for the elements present in the [NTf2]
- anion of the IL. This could indicate a preferred solvation of 

Ru NPs in the non-polar domain of H with weak associated interactions. Oppositely, a higher ∆E 
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was found for N 1s, F 1s, O 1s, and to some extent S 2p, for the elements in the anions of MEM, 

MME and CN, which may be attributed to the presence of both anions and cations near the surface 

of the Ru NPs [6]. The higher values of ∆EO1s for MEM and MME compared to H and CN could 

also be due to the stabilization of the Ru NPs by the oxygen atoms from the cation in addition to 

the ones from the anions. A change of the EC1s of C4 to a lower value in the presence of Ru NPs 

(i.e., negative E) would indicate formation of a nucleophilic species, e.g. N-heterocyclic carbene 

derived from the imidazolium cation [18]. However, for all the ILs ∆EC1s of C4 was positive 

suggesting that carbene formation during Ru NPs synthesis was negligible. Likely, the very low 

basicity of the anion [NTf2]
-
 and the mild conditions applied for the Ru NPs synthesis reduced the 

reactivity between the moderately acidic C4 proton and the anion. 

 

Table 3.2 Difference in binding energies (eV) of the chemical states of selected elements in the ILs and 

Ru/FILs NPs. 

 

IL E cation (eV)  E anion (eV) 

 C2 1s C3 1s C4 1s N 1s  C5 1s N 1s F 1s O 1s S 2p3/2 S 2p1/2 

H 0.10 0.27 0.07 0.09  0.07 0.16 0.12 0.04 0.15 0.17 

MEM -0.05 0.09 0.27 0.28  -0.08 0.23 0.29 0.41* 0.11 0.14 

MME 0.06 0.29 0.01 0.29  0.16 0.31 0.36 0.20* 0.40 0.47 

CN 0.01 -0.09 0.03 0.27  0.07 0.24 0.13 -0.04 0.35 0.28 

*E cation and anion. 

 

The binding energies (Eb) atomic ratio (%) and the full-width-at-maximum FWHM (eV) of the C 

1s and N 1s, O 1s, S 2p and F 1s of the Ru/FILs NPs have been summarized in Table 3.3 and 

Table 3.4, respectively.  

 

 

 

 

 

Table 3.3 Binding energies (eV) of C 1s for the carbon atoms in the ILs and Ru/FILs NPs. 
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ILs Atoma Binding energy Ru/ILs NPs 

(ERuIL) 

Atomic ratio (%) FWHM 

(eV) 

 

H 

 

C1 284.80 56.60 1.44 

C2 286.53 22.45 1.44 

C3 287.68 2.19 1.01 

C4 288.92 3.98 1.12 

C5 292.66 6.49 1.13 

 

MEM 

 

C1 284.80 40.26 1.44 

C2 286.31 36.93 1.43 

C3 287.68 5.36 1.06 

C4 288.66 8.05 1.22 

C5 292.51 7.13 1.13 

 

MME 

 

C1 284.80 32.78 1.44 

C2 286.37 35.95 1.43 

C3 287.80 11.51 1.38 

C4 288.76 3.99 1.33 

C5 292.54 8.42 1.16 

 

CN 

 

C1 284.80 37.34 1.44 

C2 286.13 43.33 1.41 

C3 287.63 2.63 1.23 

C4 288.69 3.93 1.06 

C5 292.37 11.38 1.14 

a C1-C5 correspond to the carbon atoms in the ILs as numbered. 

 

 

 

 

 

 

 

Table 3.4 Binding energies (eV) of the chemical states of the atoms in the Ru/ILs NPs. 
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Element Binding energy 

Ru/ILs NPs (ERuIL) 

Atomic ratio 

(%) 

FWHM 

(eV) 

H 

N 1s (anion) 399.24 39.18 1.37 

N 1s (cation) 401.8 60.82 1.30 

S 2p3/2  168.93 66.65 1.18 

S 2p1/2 170.17 33.35 1.14 

F 1s  688.5 100 1.83 

O 1s (cation/anion) 532.21 86.9 1.44 

H2Oabsorbed 533.59 13.10 1.44 

Ru 3p3/2 460.90 30.49 1.44 

MEM 

N 1s (anion) 399.37 40.62 1.41 

N 1s (cation) 401.98 58.91 1.36 

S 2p3/2  168.81 71.69 1.33 

S 2p1/2 170.11 28.31 1.12 

F 1s 688.73 100 1.83 

O 1s (cation/anion) 532.70 77.75 1.44 

H2Oabsorbed  533.17 22.25 1.44 

Ru 3p3/2 460.70 44.83 1.44 

MME 

N 1s (anion) 399.22 43.24 1.43 

N 1s (cation) 401.81 56.76 1.34 

S 2p3/2 168.94 80.65 1.57 

S 2p1/2 170.26 19.35 1.04 

F 1s (LiF) 684.36 10.69 1.75 

F 1s (anion) 688.55 89.31 1.82 

O 1s (CO3
2-) 530.20 10.24 1.33 

O 1s (cation/anion) 532.23 61.06 1.44 

H2Oabsorbed 533.10 28.70 1.44 

Ru 3p3/2 460.70 31.42 1.44 

CN 
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Element Binding energy 

Ru/ILs NPs (ERuIL) 

Atomic ratio 

(%) 
FWHM 

(eV) 

N 1s (anion) 399.25 54.34 1.44 

N 1s (cation) 401.79 45.36 1.34 

S 2p3/2  168.84 64.85 1.1 

S 2p1/2 170.01 35.15 1.34 

F 1s 688.06 97.86 1.78 

O 1s (CO3
2-) 530.50 6.52 1.44 

O 1s (cation/anion) 531.86 84.13 1.41 

H2Oabsorbed  533.27 9.35 1.26 

Ru 3p3/2 460.70 31.42 1.44 

              

 

Despite the very low concentration of Ru NPs in the ILs, an increased number of scans enabled to 

acquire Ru 3p3/2 spectra (Figure 3.6), where metallic Ru(0) (460.7 eV) and oxidized species 

RuIVO2, hydrous RuIVO2, and RuIIIO3 (likely formed during sample handling in air) with distinct 

bonding energies were identified. Notably, for all the Ru/ILs NPs was the bonding energy of the 

Ru(0) lower that reported values for metallic Ru (461.7 eV) in the literature[19]. These results 

further corroborate that the Ru NPs interacted with the ILs. 
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Figure 3.6 High-resolution XPS spectra of Ru 3p for the Ru/FILs NPs systems. 

 

Unfortunately, NMR (1H, 13C{1H}) investigations on the Ru/FILs NPs systems did not provide 

clear data on the interaction of Ru NPs with the ILs, due to the presence of intense IL signals, 

which may have overlapped other signals if any were present. These data are available in the 

Appendix C. 

 

3.3.3 Catalysis with Ru/FILs NPs 

a) Hydrogenation of phenylacetylene 

To evaluate the catalytic potential of Ru/FILs NPs, preliminary studies with Ru/H and Ru/MEM 

were conducted for the hydrogenation of phenylacetylene (Scheme 3.2). The reaction was selected 

because the hydrogenation of alkynes to alkenes is a challenging reaction as it is difficult to obtain 

chemoselectivity and stop reaction at the alkene and not reduce further to the alkane. Many 

literature studies rely on the use of expensive metals such as Pd ($614/oz) [20] to catalyze this 
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reaction (>90% conversion and 70-97 % selectivity towards styrene), making of interest to test 

less costly metals [21–24].  

 

Scheme 3.2: Hydrogenation of phenylacetylene (PA) to styrene (S), ethyl benzene (EB) and ethyl 

cyclohexane (ECH). 

 

Table 3.5 Reduction of phenylacetylene (PA) using Ru/FILs NPs.  

Catalyst system 

 

Time (h) Conversion (%)b Selectivity (%)b 

S EB 

Ru/H 3 >99 58 42 

Ru/MEM 6 89 51 49 

a Reaction conditions: 0.02 mmol of Ru, 4 mmol of phenylacetylene, 0.3 mmol of octane (internal 

standard), 5 bar H2, 80 C, 900 rpm. b Determined by GC using internal standard technique.  

 

The initial studies were performed using Ru/H and Ru/MEM with mild reaction conditions (5 bar 

H2, 80 °C) (Table 3.5). Figure 3.7 depicts the conversion vs. time plot along with the selectivity 

for both of the systems. For Ru/H, a complete conversion of PA was observed after 3 h with 58 % 

selectivity towards S, whereas Ru/MEM required 6 h of reaction to attain a conversion of 89 % of 

PA with 51 % and 49 % selectivity toward S and EB, respectively. Reduction of the aromatic ring 

of PA was not observed with any of the catalysts. In an attempt to increase S selectivity, the 

reaction temperature was decreased to 50 C. This was done to reduce the rate of S hydrogenation 

compared to PA to S step, as literatures shows that the conversion of alkenes to alkanes proceeds 

at a greater rate than the alkyne → alkene [25,26], but no significant improvement of the selectivity 

towards S was observed, thus indicating that these Ru/FILs NPs are not appropriate catalysts for 

the selective formation of S from PA.  
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Figure 3.7 Time-conversion curves for the hydrogenation of phenylacetylene with a) Ru/H and b) 

Ru/MEM catalysts. Red line = conversion, orange bar S = selectivity, and blue bar EB = selectivity. 

Reaction conditions: 0.02 mmol of Ru, 4 mmol of phenylacetylene, 0.3 mmol of octane (internal 

standard), 5 bar H2, 80 C, 900 rpm. 

 

b) Hydrogenation of styrene 

Initially the hydrogenation of S was carried out under 50 C and 5 bar H2, using a stirring speed 

of 900 rpm and S:Ru ratio 200:1 (Scheme 3.3). The catalytic systems were under these conditions 

found to rather active for the conversion of S. Table 3.6 gives the conversion of S and selectivity 

towards EB/ECH for each catalyst after 3h of reaction. 

 

Scheme 3.3 Hydrogenation of styrene (S) to ethyl benzene (EB) and ethyl cyclohexane (ECH). 
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Table 3.6 Reduction of styrene (S) to ethyl benzene (EB) and ethyl cyclohexane (ECH). 

Catalyst system 

 

Time (h) Conversion (%) b Selectivity (%) b 

EB ECH 

Ru/H 3 >99 89 11 

Ru/MEM 3 >99 86 14 

Ru/MME 3 >99 >99 0 

Ru/CN 3 89 >99 0 

a Reaction conditions: 0.02 mmol of Ru, 4 mmol of styrene, 0.3 mmol of octane (internal standard), 

5 bar H2, 50 C, 900 rpm. b Determined by GC using internal standard technique.  

 

To account for any varying solubility of S in the different ILs having different viscosity and minimize 

potential influence from mass transport limitations, a series of catalytic tests were conducted at three 

distinct stirring rates, 600, 900, and 1500 rpm with the Ru/MEM system. For each experiment, 

samples were collected and analyzed after 1 h of reaction and the results are presented in Figure 3.8. 
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Figure 3.8 Styrene conversion at different stirring rates for Ru/MEM. Reaction conditions: 0.02 mmol of 

Ru, 4 mmol of styrene, 0.3 mmol of octane (internal standard), 5 bar H2, 30 C, 1500 rpm.  

 

Under the given reaction conditions (50 C, 5 bar H2, S:Ru ratio 200:1, 1 h), the conversion of S 

reached 52 % at 600 rpm and 65 % at 900 rpm, whereas it reached complete conversion at 1500 

rpm. This clearly showed that the stirring had a significant impact on the rate of conversions for 
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the lower agitation speeds due to mass transport limitations. Accordingly, all further catalytic tests 

with the series of Ru/FIL NPs catalysts were pursued using a stirring speed of 1500 rpm. In 

addition, the reaction temperature was decreased from 50 to 30C in order to follow the reaction 

precisely which otherwise proceeded very fast. Table 3.7 summarizes the additional catalytic 

reactions obtained with the various Ru/FILs NPs catalysts.  

 

Table 3.7 Hydrogenation of styrene (S) with Ru/FILs NPs catalysts. a 

Catalyst system 

 

Time (h) Conversion (%)b Selectivity (%)b 

EB ECH 

Ru/H 0.5 >99 >99 0 

Ru/H 24 >99 93 7 

Ru/MEM 1 >99 >99 0 

Ru/MEM 24 >99 78 22 

Ru/MME 1.5 98 >99 0 

Ru/MME 24 98 >99 0 

Ru/CN 6 >99 >99 0 

Ru/CN 24 >99 >99 0 

a Reaction conditions: 0.02 mmol of Ru, 4 mmol of styrene, 0.3 mmol of octane (internal standard), 

5 bar H2, 30C, 1500 rpm. b Determined by GC using internal standard technique.  

 

As shown in Table 3.7, all the Ru/FILs NPs systems were active for the catalytic hydrogenation 

of S providing full substrate conversion in short reaction times (0.5-6 h). Importantly, the ILs alone 

did not show any conversion of S when submitted to the same reaction conditions (results not 

shown). Figure 3.9 depicts the time-conversion curves for the hydrogenation of styrene with the 

different Ru/ILs NPs catalysts. Figure 3.10 shows the conversion of S for each system in mmol. 
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Figure 3.9 Time-conversion curves for the hydrogenation of styrene with the different Ru/FILs NPs 

catalysts. Reaction conditions: 0.02 mmol of Ru, 4 mmol of styrene, 0.3 mmol of octane (internal 

standard), 5 bar H2, 30 C, 1500 rpm. 
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Figure 3.10 Time-conversion curves (in mmol) for the hydrogenation of styrene with the different Ru/ILs 

NPs catalysts. a) Ru/H b) Ru/MEM c) Ru/MME and c) Ru/CN. Reaction conditions: 0.02 mmol of Ru, 4 

mmol of styrene, 0.3 mmol of octane (internal standard), 5 bar H2, 30 C, 1500 rpm. 

 

The difference in the rate of conversion depending on the systems of Ru/FILs NPs was analyzed 

through the calculation of the turnover frequencies (TOF) at isoconversion with respect to the Ru 

atoms available at the NP surface (Table 3.8). The surface atoms were estimated according to the 

NP size and surface (details on the calculation procedure are given in the footnote of the same 

Table).  
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Table 3.8 Calculation of TOFs for styrene (S) hydrogenation. 

Ru/ILs NPs NP mean 

size (nm)a 

Ru atoms 

in NPb 

Ru atoms 

in corec 

Ru atoms in 

outer layerd 

Ratio of Ru atoms 

at NP surfacee 

TOF 

(h-1)f 

Ru/H 1.5 ± 0.8 130 47 83 0.63 1,332 

Ru/MEM 2.2 ± 0.3 409 214 195 0.48 629 

Ru/MME 1.3 ± 0.1 84 25 59 0.70 212 

Ru/CN 1.3 ± 0.2 84 25 59 0.70 10 

a Mean size of Ru/IL NPs were determined from analysis of TEM images by considering at least 200 individual nanoparticles. 

Number of atoms in Ru NPs were calculated as follows: the number of Ru atoms in hcp cell (N) is 6. The shell thickness is 

assumed as half of the lattice constant, for Ru is 0.214 nm. The volume of Ru cell is 0.0817 nm3. Rnp represents the radius of NP. 

The volume of all Ru atoms in the outer layer of NP: Vshell = Vtotal – Vcore = 4/3πRnp
3 - 4/3π(Rnp- RRu)3, Vtotal means the volume 

of one Ru NP, Vcore corresponds to the volume of NP excluded the outer layer of atoms. b The total number of Ru atoms Ntotal = 

NVtotal/0.0817. c The number of metal atoms in the core Ncore = Ntotal – Nshell. d The numbers of metal atoms on the shell Nshell = 

NVshell/0.0817. e The ratio of Ru atoms on the surface of NP = Nshell/Ntotal. f TOFs calculated at isoconversion (55%) with respect 

to the surface Ru atom ratio. 

 

The highest TOF value (1,332 h-1) was reached with the Ru NPs embedded in the non-

functionalized IL, namely Ru/H catalyst. The two methoxy-functionalized IL systems (Ru/MEM 

and Ru/MME) yielded high rates (TOFs of 629 h-1 and 212 h-1, respectively), while the Ru/CN 

had the lowest activity (TOF of 10 h-1). The differences observed in terms of reaction rates may 

be correlated to the variation in polarity of the ILs that can influence the solubility of the substrate, 

as styrene is expected being more soluble in non-polar domains than in polar ones. In line with 

this, the H IL that contains only alkyl chains in its structure presents the larger non-polar domains 

of the IL series [2] and interestingly, the Ru NPs stabilized in this IL led to the highest TOF. 

Oppositely, the more polar IL is expected to be the CN FIL and the CN-stabilized Ru NPs 

displayed the lower activity. To validate the correlation between the conversion results and the 

solubility of styrene in the catalytic systems, solubility tests of the substrate in the different ILs 

were performed (details are given in the experimental section 3.2.3). The determined solubility 

values are reported in Table 3.9 and plotted against the TOF values in Figure 3.11. The solubility 

of styrene in each IL appeared to correlate well with the conversion results and the calculated 

TOFs, showing that the more efficient catalytic systems were those which allow the higher 

solubility of the styrene, with the activity order Ru/H > Ru/MEM/Ru/MME > Ru/CN. 
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Table 3.9 Solubility of S and EB in ILs.a 

IL Solubility (mmol/mL)  

      S                          EB 

H 5.42 6.46 

MEM 2.66 2.41 

MME 2.63 1.61 

CN 2.14 1.42 

a Experimental details in section 3.2.3. 

 

Figure 3.11 Solubility of S in the ILs (mmol/mL) vs. TOF/surface atoms.  

 

Besides efficient catalytic activity in the hydrogenation of S, total selectivity towards EB was 

obtained for all the catalytic systems at full conversion. Interestingly, a total selectivity was also 

observed after 24 h of reaction with the Ru/MME and Ru/CN catalysts, while some successive 

hydrogenation of EB to ECH occurred for Ru/H (7%) and Ru/MEM (22%) after 24 h (Figure 

3.12). These results proved that the Ru/FILs NPs catalysts were highly selective for the 

hydrogenation of the vinyl group of S, but unable to hydrogenate the aromatic ring under the 

applied reaction conditions which is markedly different to previous literature where Ru NPs are 

reported to hydrogenate aromatics even at room temperature [27–29]. 
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Figure 3.12 Selectivity data of the Ru/FILs NPs at different time points 0.5 to 24h. Reaction conditions: 

0.02 mmol of Ru, 4 mmol of styrene, 0.3 mmol of octane (internal standard), 5 bar H2, 30 C, 1500 rpm. 

 

Given the results obtained with the Ru/ILs NPs catalysts, the solubility of EB in the ILs was also 

measured to evaluate the influence of this parameter on the conversion of EB into ECH. As shown 

in Table 3.9, the solubility of EB was found to be similar to that of S in the ILs, thus evidencing 

that the high selectivity observed towards EB was not caused by the low solubility of EB in the 

ILs. Other key parameters can be the size of the Ru NPs and/or the accessibility of the EB at the 

Ru surface that may be limited by the interaction between the ILs and the surface of the Ru NPs. 

The hydrogenation of aromatics with Ru requires the presence of facets with an estimated 

minimum number of close and free Ru atoms of approximately three, which is favored in large 

and better crystallized NPs [30,31]. Although, Ru/H and Ru/MEM catalysts contained the larger 
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Ru NPs of the series with mean sizes of 1.5 and 2.2 nm, respectively (Table 3.1), and this could 

possibly account for the observed hydrogenation of EB into ECH with these catalysts, the 

difference in Ru NP sizes compared to the other series was only minor (mean size 1.3 nm). Hence, 

apart from the effect of NP size, a limitation of the surface accessibility could also derive from 

steric hindrance and/or blockage of Ru surface atoms, and the ILs could also have an electronic 

influence on the Ru surface. The Ru/MME and Ru/CN catalytic systems were found to be less 

prone to hydrogenate EB into ECH, indicating that less Ru surface was accessible in these systems 

than in Ru/H and Ru/MEM. This is supported by the smaller size of the Ru NPs in these catalysts, 

but it could also result from the interaction of the MME and CN FILs, via -O-CH2-O- and -CN 

groups, respectively. Such interactions may, for steric and/or electronic reasons, influence the 

surface properties of the Ru/IL NPs in a way that limits the hydrogenation of the aromatic ring. 

To complete the catalysis study, the recyclability of each Ru/ILs NPs catalyst was tested in five 

successive catalytic runs at partial conversion. The obtained results are shown in Figure 3.13. 

Notably, the styrene conversion with the Ru/H catalytic system decreased gradually during the 

five catalytic runs, whereas the catalytic systems with the three FILs maintained similar styrene 

conversions upon reuse. ICP analysis of the Ru/H phase from the first run to the fifth one showed 

a decrease in the Ru content from 0.2 to ≈ 0.1 wt.%, thus confirming that Ru leaching from the IL 

phase during catalyst recycling was responsible for the lower conversion. In contrast, the Ru 

content remained essentially unchanged during the five catalytic runs with the Ru/MEM, Ru/MME 

and Ru/CN systems, which could indicate that Ru-FIL interactions improved the confinement of 

the Ru NPs in these systems compared to the Ru/H system and that the functionalization of IL had 

a positive influence on the stability of the catalysts [32]. Interestingly, TEM images of the spent 

Ru/IL catalysts (Figure 3.14) showed no noticeable change in the mean size nor size distribution 

of the Ru NPs compared to the pristine systems (Figure 3.2), pointing out that the Ru NPs 

remained stable under the reaction conditions for all the systems and leaching was not related to 

Ru NPs instability. Hence, more likely, the larger non-polar domains in the unfunctionalized IL 

compared to the FILs enhanced the catalyst solubility in the non-polar washing solvent (pentane), 

thus leading to a gradual catalyst loss during the intermediate washings between the catalytic runs.  
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Figure 3.13 Recyclability tests of the Ru/FILs NPs catalysts in the hydrogenation of styrene performed at 

partial conversion: a) H (15 min), b) MEM (30 min), c) MME (30 min) and (d) CN (60 min). Reaction 

conditions: 0.02 mmol of Ru, 4 mmol of styrene, 0.3 mmol of octane (internal standard), 5 bar H2, 30 C, 

1500 rpm. 
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Figure 3.14 TEM images of the Ru/ILs NPs systems after five catalytic runs with their corresponding 

size distribution. 

 

3.4 Summary 

A series of catalytic systems based on Ru NPs in a non-functionalized IL (H) and three FILs 

containing cyano (CN) and methoxy (MEM and MME) groups, have been synthesized, 

characterized, and applied for the hydrogenation of styrene. The methoxy-functionalized systems, 

Ru/MEM NPs and Ru/MME NPs were novel systems whereas the Ru/H and Ru/CN were 

reference systems previously described in literature. The collection of systems allowed to study 

the influence of the nature of the IL on the catalytic properties of the Ru NP catalysts. All the 

Ru/ILs NPs were found to be efficient catalysts for the hydrogenation of styrene under mild 

reaction conditions (30 C, 5 bar of H2), providing full conversion of styrene with full ethyl 

benzene selectivity in short reaction times (0.5-6 h). Interestingly, a clear difference in activity 

(TOFs) was observed as a function of the nature of the IL, following the order Ru/H (1,332 h-1) > 

Ru/MEM (629 h-1) > Ru/MME (212 h-1) >> Ru/CN (10 h-1). In addition, a total selectivity for ethyl 

benzene was also observed at longer reaction time (24 h) for the Ru/MME and Ru/CN systems, 
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while some successive hydrogenation to ethyl cyclohexane occurred for Ru/H (7%) and Ru/MEM 

(22%) after 24 h. This shows that the Ru/ILs NPs had a strong preference towards hydrogenation 

of the vinyl group instead of the aromatic ring under the applied reaction conditions, which is a 

reactivity pattern different from typically reported for Ru NPs. Accordingly, this indicates that less 

Ru surface was accessible in Ru/MME and Ru/CN than in Ru/H and Ru/MEM, which can be 

attributed partly to lower Ru NP sizes in the former catalysts, though a contributing effect may 

also derive from metal-IL interactions of the MME and CN FILs via -O-CH2-O- and -CN groups, 

respectively. Such interactions may, by steric and/or electronic reasons, influence the surface 

properties of the Ru/ILs NPs and hamper the hydrogenation of the aromatic ring. This hypothesis 

is supported by the XPS results which evidenced for all Ru/ILs NPs systems a bonding energy of 

Ru0 lower than literature values for metallic Ru, indicating that the Ru NPs and the ILs closely 

interact. Finally, recycling of the Ru/ILs NPs systems in five catalytic runs evidenced that the FIL-

stabilized catalysts were more stable than the non-functionalized Ru/H catalyst system, where Ru 

leaching likely occurred due to higher solubility of the Ru/H NPs in the workup solvent of the 

reaction mixture between catalytic runs. Nevertheless, the results show that the functionalization 

of IL had a positive influence on the stability of the catalysts. In perspective, the work introduces 

a benign and facile co-solvent free synthesis protocol to obtain well-dispersed and narrow-sized 

Ru NPs stabilized by FILs containing methoxy-functionalities, which present a good balance 

between stability and catalytic activity. This allows Ru/ILs NPs to hydrogenate styrene with 

activity and total selectivity towards ethylbenzene at milder reaction conditions (5 bar H2, 30 °C) 

than previously reported in literature [11,13] 
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4. Synthesis, characterization, and catalytic application of nickel- and 

nickel oxide nanoparticles in functionalized ionic liquids  

4.1 Introduction 

Nickel nanoparticles (Ni NPs) have received an increasing interest in the field of nanocatalysis 

due to the lower cost of nickel compared to other catalytically active transition metals [1]. 

Generally, Ni NPs are generated in solution by reduction of a nickel salt, e.g. nickel(II) chloride 

(NiCl2) with lithium and 4,4′-di-tert-butylbiphenyl (DTBB) [2], or reduction of nickel(II) acetate 

(Ni(OAc)2) with aqueous hydrazine [3], etc. Another reputed synthesis method is an 

organometallic approach consisting of the decomposition of the organometallic complex bis-(η4-

1,5-cyclooctadiene)nickel(0) ([Ni(COD)2]) [4,5] in the presence of H2 in an organic solvent, as 

explained in Chapter 1. The addition of stabilizing species (e.g., an amine as hexadecylamine, a 

polymer like polyvinylpyrrolidone (PVP), a mixture PVP/triphenylphosphine, a carboxylic acid as 

octanoic acid or stearic acid [4,6]) allow the control of the growth of the NPs. For instance, a 

straightforward approach was used by Keith et al. [7] for the synthesis of Ni NPs through the 

thermal decomposition of nickel(II) bis(acetylacetonate) (Ni(acac)2) in the presence of n-

trioctylphosphine, as capping ligand. N,N-diisopropylethylamine, dimethylhexadecylamine and 

oleylamine were introduced as size-limiting agents. A direct relationship was established between 

the bulkiness of the alkylamine ligands and the average diameter of the resulting Ni NPs. When 

the bulky oleylamine was employed Ni NPs with an average diameter of 2.8 ± 0.9 nm were formed. 

Conversely, the use of less bulky N,N-dimethylhexadecylamine led to formation of larger NPs (4.4 

± 0.9 nm). Decreasing the amount of n-trioctylphosphine compared to the Ni source allowed 

further growth of the Ni NPs to 17.8 ± 1.3 nm, thus explaining the role of the ligands on 

determining the size of the NPs during the synthesis. 

Ni NPs display significant catalytic properties, facilitating various organic reactions like alkylation 

of ketones [8], hydrogen transfer in alkenes and carbonyl compounds [9] and alkyne hydrogenation 

[10]. Over the past decade, the synthesis of Ni NPs in various ionic liquids (ILs) has been also 
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developed due to the versatile properties of ILs that can be employed as both stabilizers and 

dispersion media, allowing to obtain well-dispersed NPs directly usable for catalysis applications. 

For instance, Jiang et al. [11] synthesized Ni NPs by the reduction of Ni(OAc)2 with NaBH4 or 

hydrazine using 1-butyl-2,3-dimethylimidazolium (S)-2-pyrrolidinecarboxylic acid IL as 

stabilizer. The resulting Ni NPs had an average diameter of 5.1 nm with face-centered cubic (fcc) 

structure. The catalyst was effectively employed for the chemoselective hydrogenation of 

quinoline and aromatic nitro compound. Dupont and coworkers [12] synthesized well-dispersed 

Ni NPs (size range: 4.9 ± 0.9 to 5.9 ± 1.4 nm) by decomposing [Ni(COD)2] under hydrogen 

pressure (4 bar) in the presence of 1-alkyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide ILs. They showed that ILs with longer side chain (from n-butyl 

to n-hexadecyl) induced the formation of the Ni NPs with smaller diameter and size distribution. 

An innovative approach for the synthesis of Ni NPs in imidazolium ILs was reported by Prechtl, 

Santini, Dupont and coworkers, where the imidazolium ILs acts also as mild reducing agent for 

the [Ni(COD)2] precursor, thus promoting the auto-decomposition of the latter under milder 

reaction conditions [13]. One interest of this synthesis approach relies with the absence of classical 

reducing agents, thus avoiding additional cost and limiting the contamination of the NPs. As 

another interesting example, Prechtl and coworkers [14] synthesized Ni NPs using nitrile-

functionalized IL as stabilizer. A series of Ni NPs of average size ranging from 4.4 ± 0.7 to 8.3 ± 

1.6 nm were prepared by varying the alkyl chain length and the substitution at the C2 position of 

the imidazolium ring. The obtained NPs were used for the partial hydrogenation of alkynes to (Z)-

alkenes at near ambient conditions as well as for the selective hydrogenation of benzonitrile to 

benzylamine [15]. Mahalingam and coworkers [16] synthesized NiO NPs in 1-butyl-3-

methylimidazolium triflate ([BMIm][TfO]) by the reduction of nickel(II) nitrate hexahydrate 

(Ni(NO3)26H2O) with NaOH. The Ni(OH)2 formed during the reaction was then calcinated at 400 

C to obtain the required NiO NPs. These NiO NPs exhibited superparamagnetic behavior although 

NiO as bulk material is antiferromagnetic. Vijayakumar and coworkers [17] reported the synthesis 

of cubic shaped Ni NPs stabilized by imidazolium-based poly(ionic liquids) (PILs) with hydroxide 

counter anion having a dimension of 11 nm. These (PIL-1)-Ni-NPs were found active in transfer 
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hydrogenation reactions of carbonyl compounds like acetophenone, 2-cyclohexen-1-one etc. 

Remarkably, in isopropyl alcohol, this catalyst system was able to chemoselectively reduce the 

carbonyl group of α,β-unsaturated carbonyl compounds to alcohols. 

Chemoselective reduction of olefinic bonds in α,β-unsaturated carbonyl compounds holds 

significant importance in the synthesis of industrially and pharmaceutically relevant chemicals 

[18–20], and substantial focus has been provided to develop cost-effective and reusable catalysts 

allowing to achieve this catalytic reaction. Most of the catalytic protocols employed involve the 

use of precious metals like ruthenium, iridium, rhodium, platinum, and palladium [18,20–22]. 

Cheaper and abundant NPs of first-row transition metals like iron, cobalt and nickel [9,23,24] have 

also been employed to catalyze this reaction. Mokhov et al. [25] have reported the selective 

hydrogenation of substrates including linear and cyclic alkenes, styrene and norbornene 

derivatives, as well as pinenes, camphene, and cinnamic nitrile with Ni NPs at 1 atm H2. However, 

this work reports no catalyst recovery and recycling. Philippot and coworkers [6] have investigated 

the chemoselective hydrogenation of α,β-unsaturated carbonyl compounds under mild reaction 

conditions (4 bar of H2, 60 °C) using a series of Ni NPs synthesized with different stabilizers, 

including polymer (PVP) and ligands with different functional groups. Their work evidenced that 

the hydrogenation performance appeared to be sensitive to the ligand type with carboxylic acid 

stabilized Ni NPs systems exhibiting the best performances. These results indicate that the nature 

of the stabilizing ligand is an important parameter for the catalysis performance. In addition, all 

nanocatalysts were found to be active in reducing only the C=C double bond. Based on extended 

X-ray absorption fine structure (EXAFS) and X-ray photoelectron spectroscopy (XPS) analyses, 

this chemoselectivity could be related to the high content of Ni metal in the NPs, whose surface 

allows to activate selectively the hydrogenation of the C=C bond. 

In this chapter, novel Ni NPs and Ni-NiO NPs stabilized by two ether-functionalized ionic liquids 

(FILs), 1-methoxyethoxy-methyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide, 

[MEMIm][NTf2] or MEM, and 1-methoxymethoxyethyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide, [MMEIm][NTf2] or MME, were synthesized by the 
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organometallic approach using [Ni(COD)2] as Ni precursor, and characterized. The Ni/FIL NPs 

systems (Ni/MEM and Ni/MME) were then applied in the hydrogenation of α,β-unsaturated 

carbonyl compounds with the aim to probe the surface reactivity in terms of conversion and 

selectivity. Ni NPs in the non-functionalized IL 1-hexyl-3-methylimidazolium 

bis(trifluoromethanesulfonyl)imide (Ni/H) and the cyano-FIL 1-Butylcyano-3-

methylimidazolium bis(trifluoromethanesulfonyl)imide [(CH3CH2CH2CH2CN)MIm][NTf2] 

(Ni/CN) were also prepared for the purpose of comparison. In a second stage, the as-synthesized 

Ni NPs were exposed to air which led to Ni-NiO NPs. Hydrogenation of several substrates using 

these oxidized NPs, including cinnamaldehyde and 2-cyclohexen-1-one among others, was 

performed to understand the effect of the NP oxidation on the catalytic performance. 

4.2 Experimental section 

4.2.1 Synthesis of Ni/FILs in THF 

In a typical reaction, [Ni(COD)2] (33 mg, 0.11 mol) was dissolved in a THF/IL mixture (4/3 mL) 

in a Fischer-Porter reactor under magnetic stirring (1500 rpm). The reactor was pressurized with 

3 bar H2 in dynamic flow for 10 min and then in a static mode for 22 h. The generated cyclooctane 

(resulting from hydrogenation of the COD ligands) was removed under vacuum (0.05 mbar) 

overnight. Upon completion of the reaction, a black colloidal suspension was obtained for H and 

CN ILs.  

4.2.2 Synthesis of Ni/FILs in THF in the absence of H2 and magnetic stirrer 

In a typical reaction, [Ni(COD)2] (16.3 mg, 0.06 mmol) was dissolved in a THF/FIL mixture (4/3 

mL) inside a quartz tube that was then closed and placed on the rotating instrument (Figure 4.3) 

at a speed of 50 rpm at room temperature for 24 h. 

4.2.3 Synthesis of Ni/FILs in pentane 

In a typical reaction, [Ni(COD)2] (16.27 mg, 0.06 mmol) was dissolved in pentane/IL mixture (1/3 

mL) in a Fischer-Porter bottle. The reaction was allowed to proceed for 24 h at 80 C and 1500 
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rpm using a magnetic stirrer. Next, generated cyclooctane was removed under vacuum (0.05 

mbar). The resultant black colloidal suspension containing Ni/FIL NPs was stored under argon. 

4.2.4 Synthesis of Ni-NiO/FILs 

Inside the glove box, colloidal suspensions of Ni/FILs were placed in closed 20 mL vials at room 

temperature and then exposed to static air for 24 h under stirring (200 rpm). 

4.2.5 Catalytic hydrogenation  

Hydrogenation of all substrates was carried out in a 20 mL stainless steel high-pressure batch 

reactor (Figure D1, Appendix D). In a standard experiment, substrate (1 mmol) was placed into 

a vial containing Ni/FILs or Ni-NiO/FILs (0.01 mmol of metal) and octane (0.05 mL, 0.3 mmol, 

internal standard). The vial was introduced into the reactor and the reactor purged three times with 

H2 and subsequently pressurized with the required pressure of H2. To avoid external mass transfer 

limitation, a stirring of 1200 rpm was applied at the desired temperature for the indicated reaction 

time.  

Catalyst recyclability tests were performed for 2-cyclohexen-1-one hydrogenation reaction using 

Ni-NiO/MEM as catalyst following the catalysis procedure described above. The spent catalyst 

phase was washed three times with pentane (3  5 mL) after each catalytic run to remove substrate 

and formed products, followed by drying under vacuum ( 0.05 mbar) at room temperature for 1 

h. The dried Ni-NiO/MEM phase was mixed with a new batch of substrate and the next reaction 

was performed under the same catalytic conditions as mentioned above. This operation was 

repeated eight times. TEM and ICP analyses were performed on the spent Ni-NiO/MEM after the 

last catalytic run. All materials and methods have been provided in chapter 7. 

4.3 Results and discussion 

4.3.1 Optimization of the synthesis of Ni/ILs 

As an initial investigation for the preparation of Ni NPs in the given ILs, the reactions were 

performed at 75 C in tetrahydrofuran (THF) under 3 bar H2 for 22 h. The temperature, solvent 
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and pressure were chosen from previous reports for the synthesis of Ni- and RuNi NPs using PVP 

or various ligands as stabilizers [6,26,27]. TEM images of the two systems Ni/H and Ni/CN 

showed well-dispersed NPs with an average diameter of 4.6 nm and 4.4 nm, respectively (Figure 

4.1). Note that the Ni/CN NPs presented a narrower size distribution. 

 

Figure 4.1 TEM images of Ni/H and Ni/CN with their corresponding size distributions (scale bar = 200 

nm). 

Attempts of Ni NPs synthesis in THF with the FILs MEM and MME as dispersion media and 

following the protocol described above for Ni/H and Ni/CN systems, led in both cases to formation 

of a magnetic and adhering material onto the magnetic bar introduced in the reaction mixture for 

stirring (Figure 4.2). Due to relative high viscosities of the FILs and the magnetic nature of the 

formed materials, separation from the stirrer could not be achieved in a quantitative way, and thus 

no characterization of these materials was done.  

 

Figure 4.2 Magnetic Ni/MEM material.  
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Additionally, upon dissolution of the precursor [Ni(COD)2] in a THF solution of FILs (MEM, 

MME or CN), it underwent spontaneous decomposition prior to the addition of H2 noticeable by 

the color change of the solution from yellow to pale black. Similar decomposition of this Ni 

precursor in the absence of H2 was previously reported by Prechtl, Santini, Dupont and coworkers 

[13]. Interestingly, they observed that the decomposition occurred upon dissolution of the 

[Ni(COD)2] in imidazolium ILs with short alkyl side-chains (n = 2, 4), whereas for longer chains 

(n = 6, 8, 10) H2 was required for NP formation. Furthermore, they revealed by TEM analysis of 

the obtained nanomaterials a sponge-like structure consisting of agglomerates from the auto-

decomposition of the precursor. They hypothesized that the observed decomposition was induced 

by the cleavage of the acidic C2-H bond and the successive generation of N-heterocyclic carbene 

(NHC) species. Additionally, they suggested that a possible interaction of the [NTf2]
- anion with 

the COD ligands of the Ni complex may also support the Ni NPs formation. It has also been 

reported that imidazolium cations can undergo oxidative addition to low-valent and electron rich 

group 10 metal centers to form carbene complexes through C2-H bond [28]. On the basis of density 

functional theory (DFT) calculation, Yates and coworkers [29] proposed a mechanism for reaction 

of imidazolium salts with Ni and Pd, which hypothesizes the formation of a molecular carbene-M-

H species. 

Thus, assuming a carbene involving scenario, the decomposition of [Ni(COD)2] was attempted in 

a THF solution of MEM and MME FILs in the absence of H2 and magnetic stirrer to avoid 

agglomeration of the nanomaterial on the stirring bar. To ensure a proper mixing of the reaction 

mixture, the reaction mixture was placed on a rotating instrument as shown in Figure 4.3. 
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Figure 4.3 Rotating instrument used to stirrer the [Ni(COD)2]/THF/FIL reaction mixtures. 

The reaction was allowed to rotate at 50 rpm at room temperature for 24 h. Upon completion of 

the reaction, the presence of a black supernatant together with a black precipitate was observed for 

the Ni/MEM system. The obtained material was found magnetically active and easily separated 

from THF upon applying a magnetic field by approaching a magnet on the external walls of the 

quartz tube (Figure 4.4). The THF phase was found colorless, thus leading to the hypothesis that 

the [Ni(COD)2] precursor was fully decomposed. 

 

Figure 4.4 Separation of Ni/MEM from THF by use of a magnet. 

In the case of the Ni/MME, a yellowish-black solution (Figure 4.5) was obtained after the reaction 

thus indicating that unlike the Ni/MEM system the complete decomposition of the precursor was 

not achieved with MME. When approaching a magnet on the quartz tube, the formed material 
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could be separated from a yellow solution of THF, thus indicating the incomplete decomposition 

of the Ni precursor in the applied reaction time (24 h).  

 

Figure 4.5 Separation of Ni/MME from THF/rest of [Ni(COD)2] by use of a magnet. 

TEM analyses were performed on the obtained materials to examine if NPs were formed (Figure 

4.6). The TEM images of Ni/MEM and Ni/MME showed the presence of well-dispersed black 

dots attributed to Ni NPs. From the size histograms, a mean diameter of 6 nm and 7.3 nm was 

deduced for the Ni/MEM and Ni/MME systems, respectively. Thus, following this procedure, the 

Ni NPs displayed larger sizes than the ones obtained using H2 and mechanical stirring. Also, the 

Ni/MEM NPs displayed an inhomogeneous morphology, in contrast to the Ni/MME system. 

 

Figure 4.6 TEM images of Ni/MEM and Ni/MME NPs prepared in the absence of H2 and magnetic 

stirring with their corresponding size distributions (scale bar = 100 nm). 

The incomplete decomposition of the Ni precursor in the MME FIL using this methodology urged 

for further optimization to obtain better controlled Ni/MME NPs. Additionally, it was crucial to 
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establish the same method for the synthesis of Ni NPs in the four ILs to allow the comparison of 

the characteristics and catalytic properties of the formed Ni NPs.  

Mudring and coworkers [30] have also observed a similar decomposition of [Ni(COD)2] without 

H2, while synthesizing Ni NPs in a series of six mono- and bi-cationic imidazolium-based ILs 

bearing long alkyl chains. In this work the synthesis of Ni NPs was performed at 40-45 C, using 

a co-solvent (pentane) to dissolve the lipophilic Ni precursor in the ILs, leading to the targeted Ni 

NPs. Thus, based on this work, the Ni NPs were here synthesized with few modifications of the 

procedure. [Ni(COD)2] precursor was dissolved in pentane/IL mixture (1/3 mL) in a Fischer-Porter 

bottle and the reaction was allowed to proceed for 24 h at 80 C and 1500 rpm using a magnetic 

stirrer (Scheme 4.1). Upon completion of the reaction, a black colloidal suspension was obtained 

for the four ILs tested, indicating the successful decomposition of the precursor under these 

optimized conditions. The generated cyclooctane and the solvent were removed under vacuum 

(0.05 mbar) overnight. The metal content of each batch of Ni/IL was established by ICP analysis 

and found to be close to the expected value of 0.10 wt.% Ni (Table 4.1). Other characterization 

data are described hereafter, first for the Ni/FILs and then for their oxidized counterparts. 

 

Scheme 4.1 Optimized synthesis of Ni/FILs.  

 

4.3.2 Characterization of the Ni/FILs 

a) TEM analysis 

The aforementioned synthetic procedure, using pentane and heating (80 °C) without H2 pressure, 

led to the formation of well-dispersed Ni NPs in all the FILs tested with mean sizes ranging from 
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2.8 to 6.5 nm (Table 4.1) depending on the FIL used. Also, the morphology and the dispersion of 

the NPs varied with the nature of the FIL as visible on the TEM images (Figure 4.7). The size of 

the NPs increased in the order of the FILs: CN < MEM < H < MME. Note that the range in mean 

sizes obtained for the Ni NPs series is different from that previously observed in the Ru/FIL series 

in Chapter 3 (from 2.8 to 6.5 nm for Ni NPs against 1.3-2.2 nm for Ru NPs). This is not surprising 

in comparison to previous results on the synthesis of Ru and Ni NPs with the same organometallic 

precursors in the presence of polymers or ligands which gave rise to same orders of size for  Ru 

and Ni NPs, thus indicating that the size ranges observed are strongly related to the precursor used, 

either Ru or Ni. However, the influence of the FILs on the NP size in the Ni series was different 

than with Ru. With a mean diameter of 2.8 nm, the CN-type FIL led to the smallest Ni NPs as 

observed for Ru/CN NPs. The two oxygenated FILs (MEM and MME) provided in both cases 

larger sized Ni NPs (4.4 and 6.5 nm, respectively), while in the Ru NPs series the Ru/MME system 

presented a mean size similar as for the Ru/CN system. Additionally, the size of the Ni/MEM and 

Ni/MME NPs were close to the sizes of the Ni NPs formed in the non-functionalized IL (Ni/H, 4.4 

nm), as observed in the Ru NPs series. These results evidence that the influence of the FILs on the 

growth of the Ni NPs is slightly different than with the Ru NPs series.  

Table 4.1 Ni content in Ni/FILs systems and Ni NP mean size. 

Ni/FIL Ionic liquid Ni content (wt.%) a Ni NP mean size (nm) b 

Ni/H 
 

0.11 5.6 ± 0.3 

Ni/MEM 
 

0.12 4.4 ± 0.4 

Ni/MME 
 

0.11 6.5 ± 0.3 

Ni/CN 
 

0.11 2.8 ± 0.3 

a Determined by ICP analyses. b Determined from TEM analyses. 
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Figure 4.7 TEM images of Ni/FILs with their corresponding size distributions (scale bar = 100 nm). 

 

b) XPS analysis 

XPS analyses were performed on all Ni/FILs systems. The corresponding survey spectra for each 

system are presented in Figure 4.8. The deconvoluted high-resolution scan spectra of the different 

elements (C 1s, N 1s, F 1s, S 2p, O 1s) are compiled in Appendix D. The binding energies (Eb), 

atomic ratio (%) and the full width at half maximum FWHM (eV) of the C 1s and N 1s, O 1s, S 

2p and F 1s of the Ni/FILs are given in Table 4.2 and Table 4.3, respectively.  
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Figure 4.8 XPS survey spectra of Ni/FILs. 
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Table 4.2 Binding energies (eV) of C 1s for the carbon atoms in the Ni/FILs. 

IL Atoma Binding energy Ni/FILs, ENiIL 

(eV) 

Atomic ratio 

(%) 

FWHM 

(eV) 

 

H 

 

C1 284.80 60.34 1.44 

C2 286.37 19.47 1.44 

C3 287.74 6.23 1.44 

C4 288.85 5.51 1.13 

C5 292.68 3.91 1.09 

 

MEM 

 

C1 284.80 48.53 1.44 

C2 286.25 26.66 1.27 

C3 287.32 8.37 1.44 

C4 288.39 9.69 1.28 

C5 292.48 5.66 1.16 

MME C1 284.80 43.82 1.44 

 

C2 286.21 30.71 1.34 

C3 287.33 8.26 1.40 

C4 288.50 8.46 1.23 

C5 292.32 7.23 1.12 

CN C1 284.80 47.23 1.44 

 

C2 286.40 30.41 1.44 

C3 287.66 6.61 1.44 

C4 288.50 3.76 1.44 

C5 292.67 8.95 1.44 
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Table 4.3 Binding energies (eV) of the chemical states of N, S, F and O atoms in the Ni/FILs. 

Element Binding energy Ni/FILs, ENiIL 

(eV) 

Atomic ratio 

(%) 

FWHM 

(eV) 

H 

N 1s (anion) 399.25 37.75 1.25 

N 1s (cation) 401.84 59.14 1.27 

S 2p3/2  168.80 67.00 1.15 

S 2p1/2 170.02 33.00 1.12 

F 1s  688.56 100.00 1.77 

O 1s (CO3
2-) 531.33 20.07 1.66 

O 1s (cation/anion) 532.28 58.37 1.37 

H2Oabsorbed 533.44 21.55 1.65 

MEM 

N 1s (anion) 399.05 41.17 1.44 

N 1s (cation) 401.62 57.03 1.44 

S 2p3/2  168.58 65.50 1.25 

S 2p1/2 169.81 34.50 1.25 

F 1s 688.33 100.00 1.86 

O 1s (CO3
2-) 530.34 2.03 1.92 

O 1s (cation/anion) 532.16 77.79 1.65 

H2Oabsorbed  533.44 20.18 1.52 

MME 

N 1s (anion) 398.83 37.04 1.31 

N 1s (cation) 401.53 46.98 1.17 

S 2p3/2 168.43 61.81 1.14 

S 2p1/2 169.64 38.19 1.27 

F 1s (anion) 688.01 100.00 1.78 

O 1s (CO3
2-) 530.26 4.74 1.64 

O 1s (cation/anion) 532.00 85.35 1.74 

H2Oabsorbed 533.43 9.90 1.55 
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The change in binding energies observed in the presence of Ni NPs (ENiFIL) with respect to the 

pure FIL, is represented by E and summarized in Table 4.4 for the different elements. The E 

for H, follows the same trend as for the Ru/H system previously described in Chapter 3. The EC1s 

of the cation is more pronounced than the elements present in the [NTf2]
- anion of the IL. In the 

case of CN, the EC2 was found to be 0.47 eV, indicating a strong interaction of the FIL with the 

surface of the Ni NPs through the CN functionality. Such interaction through the nitrile 

functionality has been previously described for various metal NPs including Ni [14] as well as Ru 

[31], Fe [32] and Pd [33]. Unlike all the Ru/FILs systems, a change of the EC1s of C4 to a lower 

value (i.e., negative E) was observed for all FILs in the presence of Ni NPs. This can be attributed 

to the formation of a nucleophilic species, e.g. N-heterocyclic carbene derived from the 

imidazolium cation. The generation of the NHC species could be explained by the fact that, in the 

absence of hydrogen, the decomposition of the [Ni(COD)2] precursor took place through the 

cleavage of the acidic C4 as described earlier [13,28]. Thus, this also means there may exist a 

competition for the stabilization of the NPs surface by both the NHC species and the functional 

groups present in the FILs (CN, MEM and MME). This can also have an influence on the size of 

Element Binding energy Ni/FILs, ENiIL 

(eV) 

Atomic ratio 

(%) 

FWHM 

(eV) 

 

CN 

N 1s (anion) 399.16 44.55 1.44 

N 1s (cation) 401.77 38.63 1.39 

S 2p3/2 168.72 73.33 1.44 

S 2p1/2 170.02 26.67 1.21 

F 1s 688.38 100.00 2.00 

O 1s (CO3
2-) 530.64 17.07 1.92 

O 1s (cation/anion) 532.15 80.53 1.79 

H2Oabsorbed 534.36 2.40 0.85 
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the NPs. The stabilization by the functional group or the carbene also depends on the strength of 

surface coordination by the stabilizing group. 

 

Table 4.4 Difference in binding energies (eV) of the chemical states of selected elements in the ILs and 

Ni/FILs. 

IL E cation (eV)  E anion (eV) 

 C2 1s C3 1s C4 1s N 1s  C5 1s N 1s F 1s O 1s S 2p3/2 S 2p1/2 

H  -0.06 0.33 -0.13 0.13  0.09 0.17 0.18 0.11 0.02 0.02 

MEM -0.11 -0.27 -0.27 -0.08  -0.11 -0.09 -0.11 -0.13* -0.12 -0.16 

MME -0.10 -0.18 -0.25 0.01  -0.06 -0.08 -0.18 -0.18* -0.11 -0.15 

CN  0.30 0.37 -0.16 0.25  -0.37 0.15 0.30 0.29 0.23 0.29 

*E cation and anion. 

Despite the very low concentration of Ni NPs in the ILs, an increased number of scans enabled 

acquiring Ni 2p3/2 spectra (Figure 4.9), where metallic Ni(0) and oxidized species (NiO, Ni(OH)2) 

were observed. The binding energies of the three different chemical states for each FIL are 

provided in Table 4.5 and agree with the literature data [26,34,35]. The relative amount of Ni(0) 

out of the total Ni content in the H, MEM, MME, CN FILs were found to be 55, 52, 51 and 60 %, 

respectively. Considering that these Ni(0) contents are only related to the surface layers of the NPs, 

the results suggest the surface of the Ni NPs was mostly comprised of metallic nickel.  
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Figure 4.9 High-resolution XPS scan spectra of Ni 2p for the Ni/FILs systems. 

 

 

Table 4.5 Binding energy of Ni 2p for the Ni/FILs systems.a 

ILs 
Binding energy Eb (eV) 

Ni(0) NiOx Ni(OH)2 

H 852.16 853.64 855.00 

MEM 852.16 853.86 855.06 

MME 852.16 853.57 855.03 

CN 852.18 853.80 855.10 

a Data obtained from XPS analysis. 
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c)  TG analysis 

TG analyses of the Ni/FILs systems were performed under N2 to compare their stability with that 

of the pure FILs (Figure 4.10). As shown on the TG profiles, a very good overlap of the curves of 

the pure FILs and the Ni/FILs systems was observed in all cases. This means that, unlike the 

Ru/FILs NPs systems (Chapter 3), there was not a notably change in the decomposition 

temperature Tdec of the four FILs in the presence of Ni NPs. This could be due to the very low 

concentration of Ni in the FILs resulting in no effect, or if present, it is not detected.   

 

Figure 4.10 TG profiles of the FILs (solid lines) and corresponding Ni/FILs (dotted lines). 
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NMR investigations on the Ni/FILs systems provided no clear data to allow concluding on the 

interaction of Ni NPs with the ILs, due to the presence of intense signals from the FILs, which 

may have overlapped other signals if any were present (Appendix D).  

4.3.3 Synthesis and characterization of the Ni-NiO/FILs 

The oxidation of the Ni/FILs NPs was also a study of interest as literature points to the beneficial 

interest of the co-existence of Ni and NiO species for catalysis [36,37]. To facilitate this, fresh 

Ni/FILs samples were transferred to 20 mL vials inside a glove box, and then left to oxidize by 

exposing them to air for 24 h. TEM analyses of the oxidized systems were performed, and the 

corresponding images are provided in Figure 4.11. Despite a different concentration of NPs on 

the TEM grid, no significant difference (Table 4.6) in the NPs size nor morphology and dispersion 

before and after oxidation was observed, thus indicating that the NP systems were stable under air. 

Table 4.6 Mean size of the synthesized Ni NPs before and after oxidation. 

FILs 
Mean Ni NPs size (nm)a  

Ni/FILs Ni-NiO/FILs Ni-Ni(OH)2/FILs 

H 5.6 ± 0.3 5.5 ± 0.4 6.8 ± 0.5 

MEM 4.4 ± 0.4 4.5 ± 0.5 4.4 ± 0.5 

MME 6.5 ± 0.3 6.8 ± 0.5 6.9 ± 0.6 

CN 2.8 ± 0.3 3.0 ± 0.4 2.8 ± 0.5 

a Determined from TEM analyses. 
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Figure 4.11 TEM images of Ni-NiO/FILs with their corresponding size distributions (scale bar = 100 

nm). 

XPS analyses were also performed on Ni-NiO/FILs, which showed similar spectra than those of 

the FILs and Ni/FILs systems. Note that care was taken to minimize extra oxidation during sample 

introduction into the XPS instrument, insuring minimum exposure during the transfer of the 

samples into the instrument. The survey spectra for each system are presented in Figure 4.12. 
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Figure 4.12 XPS survey of Ni-NiO/FILs.  

Ni 2p3/2 spectra of the oxidized samples could be acquired (Figure 4.13), where metallic Ni(0) and 

oxidized species (NiO, Ni(OH)2) are observed. Table 4.7 shows the percentages of the different 

Ni species (Ni(0), NiO and Ni(OH)2 detected as a function of the FILs. 
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Table 4.7 Distribution of nickel species as a function of the FILs. 

 

FILs 

Distribution of nickel (%)a 

Ni(0) NiO / Ni(OH)2 

H 55 45 

MEM 42 58 

MME 44 54 

CN 59 41 

a Data obtained from XPS analysis. 

 

Figure 4.13 High-resolution XPS scan spectra of Ni 2p for the Ni-NiO/FILs systems. 
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For H and CN FILs no significant change in Ni(0) content was observed after exposure to air, 

whereas for MEM and MME, the relative concentration of metallic nickel decreased by 

approximately 10%. This might indicate the rate of oxidation of the NPs surface is different 

depending on the nature of the FILs, being less rapid in the presence of CN FIL compared to MEM 

and MME FILs. The fact that the Ni NPs contained ca. 40-60% of metallic Ni despite exposure to 

air yields interesting information about their stability in air. This can be an advantage for their 

storage and handling in catalysis. 

4.3.4 Catalysis with Ni/FILs and Ni-NiO/FILs 

a) Hydrogenation of cinnamaldehyde

Selective hydrogenation of cinnamaldehyde (CAL) is a challenging catalytic reaction since this 

molecule contains three functionalities that can be hydrogenated, namely a carbonyl group, an 

olefinic bond and an aromatic ring. There are several examples of selective hydrogenation of 

cinnamaldehyde using NPs of noble metals like Pt, Pd, Ir, Ru, Rh, Os and non-noble metals like 

Fe, Co, Ni, etc. [17,38–41]. Prakash et al. [42] reported the selective hydrogenation of CAL using 

different catalysts based on Ni NPs supported in TiO2. All catalysts exhibited 70-99% conversion 

under the given reaction conditions in methanol (80-140 C, 20 bar H2, 1 h), and the selectivity 

was between 25-64% for hydrocinnamaldehyde (HCAL), 30-61% towards cinnamyl alcohol 

(COL) and 5-21% towards hydrocinnamyl alcohol (HCOL). Zhenshan and coworkers [43] 

synthesized Ni NPs in 1-(3-aminopropyl)-2,3-dimethylimidazolium bromide IL and employed 

them in the hydrogenation of CAL in aqueous phase (H2O/FILs as solvent, 90 °C, 30 bar H2, 

substrate/Ni ratio of 50/1, 10 min). The best catalyst was able to achieve 93.4% selectivity for 

HCAL with 92% conversion. 

Given the previous literature data and interest of Ni as low cost and abundant metal, the 

performance of the synthesized Ni NPs and Ni-NiO NPs was evaluated for CAL hydrogenation. 

The aim was to compare the activity of the two catalyst systems and their selectivity towards the 

different functional groups present in CAL. The preliminary study was conducted with the 

Ni/MEM system as MEM provided with Ru NPs the best catalytic performances in hydrogenation 
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catalysis (Chapter 3). The hydrogenation of CAL was performed using the Ni/MEM or Ni-

NiO/MEM systems at 20 bar H2 and 110 °C with a CAL/Ni ratio of 100/1 (Scheme 4.2). The 

reaction conditions were set according to the previous literature works. 

Scheme 4.2 Hydrogenation of cinnamaldehyde (CAL) to hydrocinnamaldehyde (HCAL), cinnamyl alcohol 

(COL), and hydrocinnamyl alcohol (HCOL) with Ni/MEM and Ni-NiO/MEM NPs. 

Table 4.8 Hydrogenation of cinnamaldehyde with Ni/MEM and Ni-NiO/MEM catalysts.a 

Catalyst system Time (h) Conversion (%)b 
Selectivity (%)b 

HCAL COL HCOL 

Ni/MEM 24 45 >99 0 0 

Ni-NiO/MEM 24 56 >99 0 0 

Ni-NiO/MEM 48 87 91 0 9 

a Reaction conditions: 0.01 mmol of Ni, 1 mmol of cinnamaldehyde (CAL). 0.3 mmol of octane (internal 

standard), 110 C, 10 bar H2, 1 h, 1200 rpm. b Determined by GC using internal standard technique.  

For Ni/MEM, 45% conversion of CAL was observed after 24 h with >99% selectivity towards 

HCAL. With Ni-NiO/MEM, the same reaction time resulted in a higher conversion of 56% also 

with >99% selectively towards HCAL. With increased reaction time of 48 h the CAL conversion 

increased to 87% for Ni-NiO/MEM, but a decrease of selectivity was observed with formation of 

91 and 9% of HCAL and HCOL, respectively (Table 4.8). In all cases, no hydrogenation of the 

aromatic ring was observed confirming that both the Ni/MEM and Ni-NiO/MEM system exhibited 

high chemoselectivity for hydrogenation of the olefinic bond. The higher CAL conversion 

observed after 24 h for the oxidized system could be due to a synergistic effect of the Ni-NiO 

surface. Such increase in catalytic activity upon oxidation of Ni has been already reported for the 

hydrogenation and chemical reduction of 4-nitrophenol to 4-aminophenol by NaBH4 [44,45]. 
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b) Hydrogenation of 2-cyclohexen-1-one

Since the Ni-NiO/MEM system showed a good hydrogenation activity in the case of CAL, the 

hydrogenation of 2-cyclohexen-1-one (CH-enon) (Scheme 4.3) was performed using only this 

catalyst at 80 °C with 10 bar H2 (stirring rate of 1200 rpm). A complete conversion of CH-enon 

was obtained after 14 h with 100% selective formation of cyclohexanone (CH-non). A lower 

reaction temperature of 50°C resulted in a drastic drop of the conversion (5%) while the selectivity 

remained the same. Given the two-phase nature of the Ni-NiO NPs, one hypothesis could be that 

the oxidized Ni surface was not reduced at the applied temperature of 50 °C, which limited the 

activation of the NP surface. Thus, a temperature of 80 °C led to a more efficient hydrogenation 

of CH-enon. 

Scheme 4.3 Hydrogenation of 2-cyclohexen-1-one (CH-enon) to cyclohexanone (CH-non), 2-cyclohexen-

1-ol (CH-enol) and cyclohexanol (CH-ol) with Ni-NiO/MEM NPs.

Recyclability of the Ni-NiO/MEM catalyst in CH-enon hydrogenation was tested using the reaction 

conditions described above in eight successive catalytic runs at partial conversion (Figure 4.14). 

A 18% decrease in CH-enon conversion was observed after the second catalytic run but with an 

unchanged high selectivity towards CH-non. However, in the subsequent seven runs (runs 3 to 8), 

the activity remained reasonably constant. The initial drop in conversion could correspond to an 

activity loss due to further oxidation of the spent catalyst upon washing with pentane in air after 

the first run. To examine this hypothesis, the recovered catalyst after the eight run was treated 

under 20 bar H2 at 120°C for 24 h before employed in another catalytic run without exposure to 

air. Such treatment increased the conversion by 20%, recovering almost the initial activity from 

the first run thus clearly suggestion reactivation of the Ni surface by H2 reduction of the NiO. 

Furthermore, this also showed that the NiO probably protected the catalyst by forming a 

passivation layer that made the NPs less sensitive to air. 
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Figure 4.14 Recyclability study of Ni-NiO/MEM in the hydrogenation of 2-cyclohexen-1-one (CH-

enon). Reaction conditions: 0.01 mmol of Ni, 1 mmol of 2-cyclohexe-1-none (CH-enon), 0.3 mmol of 

octane (internal standard), 130 C, 10 bar H2, 1 h, 1200 rpm. 

Results of TEM analysis performed on the spent catalyst after nine catalytic runs are provided in 

Figure 4.15. The TEM images showed some agglomeration of the NPs as well as a mean NP size 

increase from 4.5 ± 0.5 to 6.5 ± 0.9 nm, thus suggesting a loss in NP dispersion or stability in the 

applied conditions for catalysis. However, this seems to not limit the catalytic performance of the 

NPs that was found similar to that of the introduced Ni-NiO NPs, when treated under 20 bar H2 

and handling them with caution. 
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Figure 4.15 TEM images of Ni-NiO/MEM with the corresponding NPs size distribution (scale bar = 100 

nm) after nine catalytic runs in the hydrogenation of 2-cyclohexen-1-one (CH-enon). 

To assess the potential impact of temperature variation on catalyst selectivity, the hydrogenation 

of CH-enon was also performed at 130, 150, and 170°C with the Ni-NiO/MEM system, while 

keeping all other parameters constant. Notably, the hydrogenation of neither the carbonyl group 

nor the aromatic ring was observed at 150 and 170°C and full conversion of CH-enon was 

observed. At 130°C the CH-enon conversion reached 78% after 1 h. Further tests were performed 

at 130°C to reduce the reaction time reasonably.  

When the hydrogenation of CH-enon was performed using Ni/MEM (130°C, 10 bar H2, 1 h) a 

conversion of 97% was obtained. Given this good performance, a comprehensive study with all 

Ni/FILs and Ni-NiO/FILs systems was carried out under these reaction conditions. The results are 

provided in Table 4.9. All the systems were highly active for the catalytic hydrogenation of CH-

enon providing substrate full conversion in 1 h with >99% selectivity to CH-enol. Unlike Ni-

NiO/MEM and Ni-NiO/MME it could be noticed that the Ni-NiO/CN and Ni-NiO/H systems did 

not show inferior activity compared to their non-oxidized analogues. The reason could be a lower 

oxidation of the NPs surface during air exposure as supported by the XPS data, making these 

catalysts more effective in the short reaction time applied. It may be interesting to leave the Ni-

NiO/MEM and Ni-NiO/MME systems to react for a longer time in order to check if they could 

also reach full substrate conversion, and thereby confirm if a longer induction period is linked to 

the reduction of NiO. To assess the extent of conversion as a function of NP oxidation, the Ni/FILs 
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and then used for CH-enon hydrogenation under the same reaction conditions as previously applied 

for 1 h. The results are also included in Table 4.9.  

Table 4.9 Hydrogenation of 2-cyclohexen-1-one with Ni/FILs and Ni-NiO/FILs catalysts.a 

Catalyst system 
Air exposure 

(h) 

Conversion 

(%)b 

Selectivity (%)b 

Entry CH-

non 
CH-ol 

CH-

enol 

1 Ni/H 0 >99 97 3 0 

2 Ni-NiO/H 24 >99 98 2 0 

3 Ni-Ni(OH)2/H 480 73 99 1 0 

4 Ni/MEM 0 97 >99 0 0 

5 Ni-NiO/MEM 24 78 >99 0 0 

6 Ni-Ni(OH)2/MEM 480 38 >99 0 0 

7 Ni/MME 0 >99 >99 0 0 

8 Ni-NiO/MME 24 89 >99 0 0 

9 Ni- Ni(OH)2/MME 480 10 >99 0 0 

10 Ni/CN 0 >99 >99 0 0 

11 Ni-NiO/CN 24 >99 >99 0 0 

12 Ni-Ni(OH)2/CN 480 30 >99 0 0 

a Reaction conditions: 0.01 mmol of Ni, 1 mmol of 2-cyclohexe-1-none (CH-enon), 0.3 mmol of octane (internal standard), 130 

C, 10 bar H2, 1 h, 1200 rpm. b Determined by GC using internal standard technique.  

It was observed that prolonged oxidation of the Ni/FILs resulted in a decrease of the CH-enon 

conversion, being not favorable for CH-enon hydrogenation. The decrease was most pronounced 

in the case of the Ni/MME system (Entry 9 vs 8), where the activity dropped by 79%, while for 

the Ni/CN system the activity drop was only 69% (Entry 12 vs 11). The conversion with Ni/MEM 

was found to be 38% and 73% for Ni/H, corresponding to a drop of 40% and 26%, respectively 

(Entries 6 vs 5 and 3 vs 2). The catalytic activity of the systems after 20 days exposure to air 

followed the order: Ni/H > Ni/MEM > Ni/CN > Ni/MME.  

To determine the oxidation states of the Ni NPs after exposure to air for 20 days was XPS analysis 

of the Ni NPs performed and the Ni 2p3/2 spectra are given in Figure 4.16. Table 4.10 shows the 
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To determine the oxidation states of the Ni NPs after exposure to air for 20 days was XPS analysis 

of the Ni NPs performed and the Ni 2p3/2 spectra are given in Figure 4.16. Table 4.10 shows the 

percentages of the different Ni species (Ni(0), NiO and Ni(OH)2 detected as a function of the FILs. 

The XPS spectra showed the presence of a low peak attributed to a remaining amount of metallic 

Ni(0) and very strong peaks for Ni(OH)2 species, for all catalytic systems. The increase in the 

content of the Ni(OH)2 species could be caused by adsorption of H2O from the air onto the NPs 

surface due to the hygroscopic nature of the ILs. This may also explain the decrease in activity of 

the NPs observed in the hydrogenation catalysis, where the Ni(OH)2 species is probably inactive 

for the hydrogenation of 2-cyclohexen-1-one. 

Table 4.10 Distribution of nickel species as a function of the FILs. 

 

FILs 

Distribution of nickel (%)a 

Ni(0) NiO / Ni(OH)2 

H 40 60 

MEM 36 64 

MME 31 69 

CN 32 68 

a Data obtained from XPS analysis. 
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Figure 4.16 High-resolution XPS scan spectra of Ni 2p3/2 for the Ni-Ni(OH)2/FILs systems. 

TEM analysis of the 20-day air exposed Ni-Ni(OH)2/ILs was performed and the TEM images are 

provided in Figure 4.17. It can be observed that the Ni NPs in H IL were strongly agglomerated, 

while the NPs synthesized in MEM, MME the CN remained comparatively well-dispersed after 

20 days under air. The average size of the NPs stabilized in H IL had increased to 6.8 nm, whereas 

the size remained unchanged for the FILs, showing that the Ni NPs synthesized in FILs provide 

long term stability compared to the non-functionalized H one. 
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Figure 4.17 TEM images of Ni-Ni(OH)2/FILs with their corresponding size distributions (scale bar = 100 

nm). 

4.3.4.3 Hydrogenation of other substrates  

An initial substrate screening was performed with Ni-NiO/MEM NPs under various reaction 

conditions without detailed optimization (Table 4.11). The study revealed a high selectivity 

towards the hydrogenation of olefin bonds in the presence of other functional groups in the tested 

substrates. Hence, Ni-NiO/MEM could convert trans-2-hexenal to 1-hexanal with 100% 

selectivity and a conversion of 59% after 24 h (Entry 1). This catalyst was also found active for 

the selective hydrogenation of nitriles into amines (Entry 3) with 51% conversion of benzonitrile 

into benzylamine with 75% selectivity. 2,3-Benzofuran was converted to 2,3-dihydrobenzofuran 

without hydrogenation of the benzene ring with a substrate conversion of 33% (Entry 2), whereas 

selective hydrogenation of phenylacetylene to styrene proved difficult and required a lowering of 

the reaction temperature to 60°C to limit the formation of ethylbenzene. However, by doing so the 

conversion dropped to 70% with 65% selectivity towards styrene (Entry 4). Oppositely, the 
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catalyst yielded 62% conversion of limonene with complete selectivity towards menthane (Entry 

5). 

Table 4.11 Substrate screening in the hydrogenation with Ni-NiO/MEM.a 

Entry 
T 

(°C) 

H2 

(bar) 

Time 

(h) 
Substrate Products Conversion / selectivity (%) 

1 110 20 24 
 

 

59 / 1a:1b:1c = 100:0:0 

2b 110 20 24 

 

 

33 / 2a:2b = 100:0 

3c 80 10 24 

 

 

51 / 3a:3b:3c = 75:nd:nd 

4 80 10 8 

 

 

 

100 / 4a:4b:4c = 36:64:0 

 80 10 16 100 / 4a:4b:4c = 0:100:0 

 60 10 4 43 / 4a:4b:4c = 70:30:0 

 60 10 7 70 / 4a:4b:4c = 65:35:0 
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Entry 
T 

(°C) 

H2 

(bar) 

Time 

(h) 
Substrate Products Conversion / selectivity (%) 

5b 110 20 24 

 

 

62 / 5a:5b:5c = 0:0:100 

a Reaction conditions: 0.01 mmol of Ni, 1 mmol of substrate, 0.3 mmol of octane (internal standard), 1200 rpm. Product extraction 

and GC analysis were performed using pentane. b Et2O. c 1,4-dioxane. nd: not determined. 

4.4 Summary 

A series of catalytic systems based on Ni-containing NPs in non-functionalized IL (H) and FILs 

containing cyano- (CN) and methoxy-groups (MEM and MME) have been synthesized, 

characterized, and applied for the hydrogenation of substrates containing different functional 

groups. The Ni/MEM and Ni/MME catalysts were novel systems, whereas the Ni/H and Ni/CN 

were previously reported and here prepared for comparison purpose. Small Ni NPs were prepared 

using CN (2.8 nm), compared to the previous literature (7-8 nm) [15]. All the Ni/ILs systems were 

found to be efficient catalysts for the hydrogenation of 2-cyclohexe-1-none under the applied 

reaction conditions (substrate/Ni ratio of 100/1, 130C, 10 bar H2), providing full conversion of 2-

cyclohexe-1-none with full selectivity towards hydrogenation of the olefinic bond in short reaction 

time (1 h). Compared to the previous literature using Ni NPs synthesized in amine-functionalized 

ILs [43] (substrate/Ni of 50/1, 90C, 10 bar H2, 4 h, water solvent with isolated NPs redispersed 

in water), this work uses much less Ni metal content but slightly higher temperature to provide 

complete substrate conversion in much shorter time under neat conditions. Long time air exposure 

of the catalysts resulted in Ni(OH)2 layer formation on the Ni/FILs, which led to deactivation and 

a significant drop-in catalytic activity. The implementation of recyclability tests as well as the 

characterization of the spent catalysts will allow to complete the evaluation of the catalytic 



Chapter 4. Synthesis, characterization, and catalytic application of nickel- and nickel oxide nanoparticles 

in functionalized ionic liquids

 

 

 

 
143 

 

properties of the Ni/FILs. Another perspective could be to deposit the Ni/FILs NPs on a solid 

support like silica to obtain SILP systems, which can subsequently be used for hydrogenation 

reactions, including CO2 reduction. In this context, initial experiments have been performed for 

grafting of the catalyst system.  
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5. Synthesis and characterization of ruthenium-rhenium 

nanoparticles in ionic liquids  

 

5.1 Introduction 

Bimetallic materials based on rhenium find a wide range of applications in catalysis, including 

hydrogenation reactions [1,2], Fisher-Tropsch processes [3], among others [4]. The synergistic 

effects arising from the presence of two different metals is the main target towards developing 

bimetallic catalysts. Synergy effects may potentially improve both the activity and selectivity of 

catalytic reactions. In the literature, different works report the enhancement of activity of a selected 

metal by introduction of Re. For example, Ma et al. [5] studied the catalytic efficiency of 

Al2O3/C/ZrO2-supported RuRe catalysts in the hydrogenolysis of glycerol. They observed that the 

introduction of Re onto Ru/Al2O3, Ru/C and Ru/ZrO2 induced a considerable enhancement in the 

hydrogenolysis of glycerol to propanediols, which was attributed to a synergistic interplay between 

the two metals. Baranowska et al. [6] successfully synthesized a series of RuRe bimetallic NPs 

with different Ru/Re ratios through a microwave-assisted polyol method using RuCl3 and 

NH4ReO4 as Ru and Re precursors, ethylene glycol as reducing agent and solvent as well as 

polyvinylpyrrolidone (PVP) as capping agent. They obtained RuRe NPs with mean size of ca. 1.4-

1.6 nm in a size range of 0.5-2.5 nm. The size of the monometallic Ru/PVP NPs (1.3 nm) prepared 

by the same synthesis method was slightly smaller than that of bimetallic RuRe NPs. Additionally, 

they synthesized RuRe NPs on γ-alumina- or silica-supports by in-situ deposition through the co-

reduction of RuCl3H2O and NH4ReO4. In another work, the same group studied the effect of Re 

on the dispersion of Ru in the RuRe/γ-Al2O3 using H2 chemisorption technique [7]. In this study, 

the catalyst was synthesized from Ru(NO)(NO3)3 or RuCl3 and NH4ReO4 precursors, reduced in 

hydrogen flow (heating rate of 5 C /min) at 500 C for 4 h, which led to RuRe NPs with an average 

size < 3nm well-dispersed on the alumina support. Their results showed that the addition of Re to 

the Ru/γ-Al2O3 catalyst, particularly when using the chlorine-free precursor Ru(NO)(NO3)3, led to 

a notable enhancement in the dispersion of ruthenium on the support. Additionally, they observed 

that increase in Re loading gave rise to an increase of Ru dispersion, with the highest level achieved 

at a composition of Ru50Re50. In contrast, the effect was less pronounced in the bimetallic RuRe 

NPs prepared from the chlorine-containing precursor RuCl3. Philippot, Chaudret and coworkers 

https://www.sciencedirect.com/topics/chemical-engineering/ethylene-glycol
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[8] reported a novel route to synthesize PVP-stabilized bimetallic RuRe NPs from decomposition 

of the organometallic precursors (2-methallyl)(1,5-cyclooctadiene)ruthenium(0), [Ru(COD)(2-

methylallyl)2], or (1,5-cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium(0), [Ru(COD)(COT)], 

and dirhenium(II)tetraallyl, [Re2(C3H5)4], under hydrogen pressure. Using [Ru(COD)(2-

methylallyl)2] this method allowed to generate very small and alloy-type RuRe NPs with an 

average size of ca. 1.3 nm that displayed a narrow size distribution and an hexagonal-close packed 

(hcp) structure. Changing the Ru precursor to [Ru(COD)(COT)] led to the formation of core-shell 

RuRe NPs displaying an average size of ca. 1.2 nm, and a narrower size distribution compared to 

the alloyed RuRe NPs with hcp structure. Whyman and coworkers [9] reported the in-situ synthesis 

of heterogeneous Ru/Re and Rh/Re nanomaterials from [Ru3(CO)12]/[Re2(CO)10] and 

[Rh6(CO)16]/[Re2(CO)10] precursors. The synthesis was performed by reduction of the precursors 

using 50-100 bar H2 and >150 °C during catalysis, when employed for the liquid-phase 

hydrogenation of cyclohexylcarboxamide (CyCONH2) to cyclohexylmethylamine (CyCH2NH2). 

A 95% selectivity in the target amine was achieved in the absence of ammonia, which is usually 

used to suppress the formation of secondary and tertiary amines. The conversion of the amides 

were possible with the Rh/Re and Ru/Re nanocatalysts within the specified reaction conditions of 

50-100 bar H2 using temperatures higher than 150 °C and 160 °C, respectively. Variations in the 

Ru/Re and Rh/Re ratios resulted in minor alterations in product selectivity. Furthermore, no 

catalyst deactivation was detected even at higher Re contents. 

Considering that 1) the difficult amide hydrogenation (owing to amide stability) can be achieved 

with RuRe based catalysts [10], RuRe NPs of different structures can be directly synthesized [8], 

and 2) the relatively high thermal stability of ILs, the synthesis of RuRe NPs in ILs was targeted 

to use as catalysts in amide hydrogenation. So far, the synthesis of RuRe bimetallic NPs in ILs has 

not been reported in literature. Thus, this chapter describes the synthesis of RuRe bimetallic NPs 

in H and MEM ILs using the organometallic approach. For this purpose, the precursors 

[Ru(COD)(COT)] and [Re2(CO)10] were used as they are commercially available and possesses 

ligands that can be eliminated under hydrogenation or heating conditions (see Chapter 1 for 

details). However, it must be noted that [Re2(CO)10] is very stable at room temperature and forced 

reaction conditions is needed to facilitate its decomposition [11]. The reduction of the Re species 

may be promoted by hydrogen spillover from the reduced species of the other metal present, as 
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previously reported [7,12]. The [Re2(C3H5)4] precursor, which decompose under milder reaction 

conditions [13] than [Re2(CO)10], was unfortunately unavailable. 

5.2 Experimental section 

5.2.1 Synthesis of IL-stabilized RuRe NPs (RuRe/IL) 

In a typical synthesis, [Ru(COD)(COT)] (27.5 mg, 0.086 mmol) and [Re2(CO)10] (29.1 mg, 0.044 

mmol) (1/1 molar ratio of metals), a given IL (1 mL), and anisole (5 mL) were introduced under 

argon atmosphere into either a Fischer-Porter reactor, pressurized with 3 bar H2 and heated to 150 

C, or into a 20 mL stainless steel high-pressure batch reactor (Figure D1, Appendix D), 

pressurized with 3 bar H2 and heated to 190 C. The reaction was allowed to stir for 2 days at 600 

rpm, where after anisole was removed under vacuum (0.05 mbar) overnight at 60 C. The 

resultant black colloidal suspension containing RuRe/IL was washed with pentane (2 × 5 mL) and 

stored under inert atmosphere inside a glovebox prior to analyses. Monometallic Ru/IL and Re/IL 

were prepared for comparative purposes following the same procedure using [Ru(COD)(COT)] 

(27.2 mg, 0.086 mmol) or [Re2(CO)10] (28.4 mg, 0.043 mmol). Materials used and method of 

characterizations are provided in Chapter 7. 

5.3 Results and Discussion 

5.3.1 Synthesis and Characterization of RuRe/IL 

As mentioned above, RuRe NPs were synthesized in earlier work using [Ru(COD)(COT)] and 

[Re2(CO)10] as metal precursors employing the ligands PVP and HAD for the stabilization of the 

RuRe NPs (optimized reaction conditions: 3 bar of H2, 120 C, 48 h and anisole as solvent) [14]. 

Thus, in a first attempt the one-pot synthesis of RuRe/ILs was carried out following the same 

reaction conditions (Scheme 5.1). Monometallic Ru/IL and Re/IL were synthesized following the 

same procedure for comparative purposes. 

 

 

Scheme 5.1 Organometallic synthesis of RuRe/IL from [Ru(COD)(COT)] and [Re2(CO)10]. 
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[Ru(COD)(COT)] and [Re2(CO)10] with a Ru/Re molar ratio of 1/1 were introduced into a Fischer-

Porter bottle containing the desired IL (H or MEM) dissolved in anisole. The reaction mixture was 

pressurized with 3 bar of H2 and then heated to 150 C followed by stirring for 2 days at 600 rpm. 

For the H IL, the color of the solution turned from yellow to brownish with black deposits on the 

walls of the reactor, and upon removal of the solvent a colloidal brownish black solution was 

obtained (Figure 5.1 a). In contrast, for MEM, the color of the solution changed from yellow to 

black (Figure 5.1 b). This different behavior in terms of evolution of the reaction color could point 

to a different decomposition pattern of the precursors in the ILs. 

 

 

Figure 5.1 Pictures of the synthesis of RuRe NPs in a) H and b) MEM ILs dissolved in anisole. 

 

Ru/IL NPs synthesized using the same reaction conditions displayed the typical color change from 

yellow to black, whereas the color of the Re reaction mixture did not evolve to black (desired), 

whatever the IL used. The initial transparent solution turned clear yellowish in both cases after 48 

h of reaction (Figure 5.2). Similar observations have been made previously (in the LCC group), 

when [Re2CO10] was attempted decomposed at the same reaction conditions using PVP or HDA. 

Here, the yellow species was proposed to be a rhenium carbonyl hydride complex, [H3Re3(CO)12], 

as ascertained by FT-IR, 1H-NMR and WAXS techniques. Supporting this hypothesis, the 

synthesis of [H3Re3(CO)12] had previously been reported from [Re2CO10] and dihydrogen [15,16]. 

NMR and FT-IR analyses of the current samples, Re/ILs, did not allow to clarify this point as only 

signals corresponding to the IL were observed.  
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Figure 5.2 Attempt of the decomposition of [Re2(CO)10] under 3 bar H2 at 150 C in MEM dissolved 

in anisole.  

 

a) TEM analysis 

TEM analyses were performed of both the bimetallic and the monometallic samples. The TEM 

images of RuRe/H and RuRe/ME showed both well-dispersed NPs with average size of 1.6 ± 0.2 

nm and 3.3 ± 0.4 nm, respectively (Figure 5.3), while an average size 2.0 ± 0.2 nm and 2.1 ± 0.2 

nm was observed for Ru/H and Ru/MEM, respectively (Figure 5.4). Regarding the Re samples, 

the TEM images confirmed the lack of formation of NPs for both Re/H and Re/MEM (Figure 5.5). 

 

 

Figure 5.3 a) TEM images and b) the corresponding NPs size distributions of synthesized RuRe/ILs NPs 

(150 C, 3 bar H2, anisole) (scale bar = 100, 50 nm). 
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Figure 5.4 a) TEM images and b) the corresponding size distributions of synthesized Ru/ILs NPs (150 

C, 3 bar H2, anisole) (scale bar = 100, 50 nm). 

 

 

Figure 5.5 TEM images of [Re2(CO)10] in a) H and b) MEM ILs after synthesis (3 bar H2, 150 C, in 

anisole) (scale bar = 200 nm). 

 

 

HRTEM and HAADF-STEM analyses were further performed on the bimetallic nanomaterials 

and provided for RuRe/H and RuRe/MEM in Figure 5.6 and Figure 5.9, respectively. EDX 

analyses were also performed on the individual NPs (Figures 5.7 and 5.10), and the latter analysis 

confirmed that both metals were present in the NPs synthesized in both H and MEM. Moreover, 

the metal content in the NPs was quantified, with comparable results by measurements performed 
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at different areas of the grid, to be 12 at% Re and ~88 at% of Ru in RuRe/H and ~34 at% Re and 

~ 66 at% of Ru in RuRe/MEM.  

  

 

Figure 5.6 a), b) HRTEM images and c), d) HAADF-STEM images of synthesized RuRe/H NPs (150 C, 

3 bar H2, anisole) (scale bar = 20,10 nm). 
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Figure 5.7 EDX analyses of synthesized RuRe/H NPs (150 C, 3 bar H2, anisole). 

 

 

Figure 5.8 EDX line scanning profile of synthesized RuRe/H NPs (150 C, 3 bar H2, anisole). 
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Figure 5.9 a), b) HRTEM images and c), d) HAADF-STEM images of synthesized RuRe/MEM NPs 

(150 C, 3 bar H2, anisole) (scale bar = 20,10 nm). 
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Figure 5.10 EDX analysis of synthesized RuRe/MEM NPs (150 C, 3 bar H2, anisole). 

 

 

Figure 5.11 EDX line scanning profile of synthesized RuRe/H NPs (150 C, 3 bar H2, anisole). 
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The metal contents quantified from the EDX of both RuRe/H and RuRe/MEM evidenced a lower Re 

content than expected from the introduced amount of precursors (1/1 molar ratio). Also, a different 

Re content was observed depending on the IL used, being higher for the MEM IL compared to the 

H IL. These results strongly suggest incomplete decomposition of the [Re2(CO)10] precursor or its 

hydride derivatives. Furthermore, elemental analyses ascertained by ICP of the purified samples 

that both RuR/H and RuRe/MEM had a Ru/Re = 1/1 ratio, thus indicating that the applied 

purification method could not eliminate the remaining Re molecular species. These results also 

endors the important role of the stabilizing agent on the composition of the bimetallic RuRe NPs. 

Further analyses of the HRTEM images show that the formed NPs are well-crystallized. The lattice 

image and the corresponding numerical diffractogram for RuRe/MEM (Figure 5.12) demonstrated 

a crystalline hcp structure of both the Ru and Re metal. The angle between the pair of spots and 

the radial distances are in good agreement with the spot diffraction pattern of hcp crystals. The 

lattice fringes calculated for crystallites may fit with both metallic Ru and Re and the average 

distance measured for the lattice planes corresponded to 2.38 Å. Such observation was previously 

done for RuRe NPs synthesized with PVP and HAD. 

 

 

Figure 5.12 a) HRTEM image of RuRe/MEM, b) isolated NP with a lattice spacing d of 0.238 nm 

obtained by inverse FFT, and c) Fast Fourier Transform (FFT) of NPs indicated by the red rectangle. 

 

EDX line scanning profiles (Figures 5.8 and 5.11) provided information about the chemical order 

in the RuRe NPs. They also evidenced the presence of isolated Re metal on other areas of the 
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grid, thus confirming that a part of the introduced Re was not associated with Ru. An EDX line 

scanning profile for one individual RuRe/MEM NP is given in Figure 5.13. For this NP, Re is 

present at a higher quantity in the outer shell compared to the particle core, while Ru metal is 

more abundant in the core. This strongly suggests that the bimetallic NPs displayed a core-shell 

structure with an inverse gradient of the two metals from the core to the surface. However, further 

characterization studies, such as by WAXS or even better, EXAFS/XANES techniques, are 

needed to confirm this hypothesis. The core-shell structure with Ru in the core is also supported 

by the different decomposition kinetics known for the Ru and Re precursors. Indeed, 

decomposition of [Re2CO10] was found impossible in the absence of Ru in the reaction medium 

even at high temperature, whereas [Ru(COD)(COT)] decomposes very fast in IL at room 

temperature (see Chapter 3). Previous literature examples show similar behavior for RuNi 

bimetallic NPs, where a faster reduction of Ni precursor was facilitated by Ru due to hydrogen 

spillover [17,18].  

 

 

Figure 5.13 Mapping of metal atom% along an individual NP in RuRe/MEM.  

 

In comparison to previous work done with RuRe NPs (Table 5.1), the quantity of Re metal in the 

bimetallic RuRe NPs increased in the order RuRe/H < RuRe/PVP ∼ RuRe/HDA [14] < 

RuRe/MEM, thus suggesting a coordination effect of the stabilizers in terms of kinetics of 

precursor decomposition, formation of intermediate species or growth of RuRe NPs. The average 
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size of the RuRe NPs synthesized in the IL was found to be in the order RuRe/PVP < RuRe/H < 

RuRe/HAD < RuRe/MEM. Further experiments using other stabilizers such as the CN or MME 

ILs or other commercially available ILs could provide more information on the influence of the IL 

on these different possible scenarios. 

 

Table 5.1 Comparison of synthesized RuRe/ILs with RuRe/PVP and RuRe/HAD. 

System Average NP size (nm) EDX composition (atom %) Ref. 

Re Ru 

RuRe/H 1.6 ± 0.2 12 88 This work 

RuRe/MEM 3.3 ± 0.4 34 66 This work 

Ru/H 2.0 ± 0.2 - 100 This work 

Ru/MEM 2.1 ± 0.2 - 100 This work 

RuRe/PVP 1.5 ± 0.4 18 82 [14] 

RuRe/HDA 2.2 ± 0.3 20 80 [14] 

Ru/PVP 2.3 ± 0.4 - 100 [14] 

Ru/HAD - - - [14] 

 

The synthesis of RuRe NPs was also performed at 190 °C in an autoclave maintaining the other 

synthesis parameters the same with the aim to increase the incorporation of Re in the bimetallic 

NPs. TEM images obtained for RuRe/H and RuRe/MEM are displayed in Figure 5.14. A slightly 

lower mean size of 1.4 ± 0.2 nm was measured for RuRe/H (Figure 5.14 a), to the one observed 

for the synthesis of the same system performed at 150 °C (1.6 ± 0.2 nm). In the case of RuRe/MEM 

(Figure 5.14 b), the size decreased significantly from 3.3 ± 0.4 nm at 150 °C to 1.5 ± 0.2 nm at 

190 °C, thus indicating that in the case of MEM increased temperature favored the formation of 

significantly smaller RuRe NPs. This could be explained by a faster decomposition of the 

precursors or derivates at higher temperature. However, since the effect of temperature was less 

important in the case of H IL, an effect of the MEM is also possible. Further analyses are ongoing 

to elucidate the effect of the temperature and/or IL on the structure and composition of the RuRe 

NPs. 
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Figure 5.14 a) TEM images and b) the corresponding size distributions of synthesized RuRe/ILs NPs 

(190 C, 3 bar H2, anisole) (scale bar = 100,50 nm). 

 

b)  TG analyses 

TG analyses of the RuRe/ILs were performed under N2 and their stability compared with that of 

the respective ILs (Figure 5.15) The analyses showed similar results as the Ru/FILs (Chapter 3), 

namely that the decomposition temperature (Tdec) of the ILs with RuRe NPs were lower than that 

of the pure ILs. The trend of the difference in decomposition temperature (ΔTdec) of the ILs in the 

presence or the absence of NPs was also similar to the Ru/FILs systems where it was highest for 

H, thus suggesting a stronger interaction with the IL in this case. 

 

Figure 5.15 TG profiles of the ILs (solid lines) and corresponding RuRe/ILs (dotted lines). 
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c)  XPS analysis 

XPS analyses were also performed on the RuRe/ILs and the corresponding survey spectra for H 

and MEM are given in Figure 5.16. The deconvoluted high-resolution scan spectra of the 

different elements (C 1s, N 1s, F 1s, S 2p, O 1s) are compiled in Appendix E. 

 

Figure 5.16 XPS survey spectra of RuRe/ILs. 

 

A shift in some binding energies was observed in the presence of RuRe NPs (ERuReIL) with respect 

to the pure ILs, as represented by E for the different elements (Table 5.2). For H the EC1s was 

more pronounced compared to the [NTf2]
- anion, which was similar to the trend observed in Ru 

and Ni NPs in H (Chapters 3 and 4, respectively). In the case of MEM, the ∆EO1s was more 

pronounced compared to the other elements, which may be due to interaction between RuRe NPs 

and the oxygen atoms from the imidazolium cation. 

 

Table 5.2 Difference in binding energies (eV) of the chemical states of selected elements in the ILs and 

RuRe/ILs. 

 

IL E cation (eV)  E anion (eV) 

 C2 1s C3 1s C4 1s N 1s  C5 1s N 1s F 1s O 1s S 2p3/2 S 2p1/2 

H 0.11 0.12 -0.02 0.07  -0.01 0.00 0.06 -0.08 0.02 0.03 

MEM 0.03 0.04 0.36 -0.06  -0.07 -0.06 -0.03 0.19* -0.05 -0.10 

*E cation and anion. 

 

The high-resolution scan spectra of Ru 3p3/2 and Re 4f7/2 are presented in Figure 5.17 for RuRe/H 

and Figure 5.18 for RuRe/MEM. The metallic Ru(0) (460.6 eV for RuRe/H, 460.7 eV for 
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RuRe/MEM) and oxidized species RuIVO2, hydrous RuIVO2, and RuIIIO3 (likely formed during 

sample handling in air) with distinct bonding energies were identified. The analysis of the Re 4f 

spectrum is difficult due to the presence of at least six distinct oxidation states of Re each with 

peak positions falling within a narrow binding energy range of approximately 5-6 eV, and some 

of them being separated by as little as 0.2 eV [19]. Additionally, the Re 4f7/2 peak of a high 

oxidation state may overlap with the Re 4f5/2 peak of a low oxidation state, thus leading to 

complex and heavily intertwined XPS spectra. The oxides of Re include ReIVO2, ReVIO3, 

Re2
VIIO7. The presence of Re5+ has also been reported in rhenium oxides alloyed with cationic 

elements [19]. Both the RuRe/IL systems presented Re(0) (at 40.8 eV for both systems) and also 

contained Re with different oxidation states (likely formed during sample handling in air).  

 

Figure 5.17 High-resolution XPS spectra of Ru 3p and Re 4f for the RuRe/H NPs system. 

 

Figure 5.18 High-resolution XPS spectra of Ru 3p and Re 4f for the RuRe/MEM NPs system. 
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5.4 Summary 

Novel RuRe-containing NPs have been synthesized, using a non-functionalized IL (H) and a 

methoxy-functionalized one (MEM), and characterized. TEM images show well-dispersed NPs in 

both H and MEM ILs. Despite the Re precursor, [Re2CO10], requires higher decomposition 

temperature than [Ru(COD(COT)], EDX analysis revealed the formation of bimetallic RuRe NPs 

with a Re content of ca. 18% in RuRe/H and ca. 34% in RuRe/MEM. Comparing to previous work 

done at LCC [14], the incorporation of Re metal in the RuRe bimetallic NPs increased in the order: 

RuRe/H < RuRe/PVP ∼ RuRe/HDA < RuRe/MEM. Owing to a incomplete decomposition of 

[Re2(CO)10] under the applied conditions, and the difficulty to separate soluble Re species from 

the formed RuRe NPs, the alternative Re precursor tetraallyldirhenium(II), [Re2(C3H5)4], is 

considered for future studies. If successful, the bimetallic RuRe NPs will be supported on silica to 

obtain SILP systems for their investigation as catalysts for the hydrogenation of amides.  
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6. General conclusion and perspectives 

This PhD thesis is centered on the use of different ionic liquids (ILs) for the synthesis of ruthenium 

(Ru), nickel (Ni) and bimetallic ruthenium-rhenium (RuRe) transition metal nanoparticles (NPs) 

and their application in hydrogenation catalysis.  

The work started by the synthesis and full characterization of one non-functionalized- (H) and 

three functionalized imidazolium bis(trifluoromethylsulfonyl)imide ionic liquids (FILs), namely, 

MEM, MME, and CN. These three FILs contain methoxy and nitrile functional groups, 

respectively, making them to potentially interact with the surface of metal NPs. All ILs were 

obtained in good yields (>90%) and a complete characterization, including IR, TG, DSC, NMR, 

XPS and SAXS analyses, was performed for all synthesized ILs. No water impurities were 

observed through NMR analysis, qualitatively stating that if present, water were present only in 

negligible amounts. IR analysis clearly showed the bands of the [NTf2]
- anion of the ILs at 1050, 

1180, 1346 cm-1 assigned to the stretching frequencies of SN, CF3, SO2, respectively. Clear bands 

were also detected at 1099 and 1098 cm-1, corresponding to the C-O stretching in MEM and MME 

FILs, respectively, while CN stretching of the CN FIL was found at 2248 cm-1. The thermal 

stability of the four synthesized ILs was found to be >200°C.  

The next step of the PhD work focused on the synthesis, characterization, and application of IL-

immobilized Ru NPs in hydrogenation catalysis using the series of ILs previously synthesized. 

The methoxy-functionalized systems, Ru/MEM and Ru/MME were novel systems, while the Ru/H 

and Ru/CN were previously described in literature and here prepared as references for comparison 

purpose. The synthesis of the Ru NPs was performed by following the organometallic approach 

involving decomposition of (η4-1,5-cyclooctadiene)(η6-1,3,5-cycloocta-triene)ruthenium(0) 

complex, [Ru(COD)(COT)], as the source of Ru under mild condition (25C, 3 bar H2, 22 h). TEM 

analysis evidenced the formation of small and well- dispersed Ru NPs in all cases, displaying a 

size range of 1.5-2.2 nm and narrow size-distributions. XPS analysis confirmed the Ru(0) metallic 

state in all Ru NP systems and also enabled studying the interaction between the ILs and NPs. In 

the case of MEM, MME and CN systems, a noticeable shift in the binding energies (Eb) was 

observed in the presence of Ru NPs with respect to the pure IL, clearly indicating interaction 

between the ILs and Ru NPs. For all the ILs, a difference in BEC1s of C4 (imidazolium carbon with 
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acidic proton) was positive suggesting that carbene formation during Ru NPs synthesis was 

negligible and that the interaction of the IL and the Ru NPs was through the functional groups. All 

the Ru NPs/ILs systems were found efficient catalysts for the hydrogenation of styrene under mild 

reaction conditions (30C, 5 bar of H2), providing full conversion of styrene with complete 

selectivity towards ethylbenzene in short reaction times. Notably, the excellent catalytic 

performance was obtained at milder reaction conditions than previously reported in literature. 

Also, by selectively catalyzing the hydrogenation of the vinyl group and not the aromatic ring 

under the applied reaction conditions, these Ru/ILs NPs display a reactivity different than typically 

reported for Ru NPs. Interestingly, a clear difference in activity (TOFs) was noticed as a function 

of the nature of the IL, following the order Ru/H (1,332 h-1) > Ru/MEM (629 h-1) > Ru/MME (212 

h-1) >> Ru/CN (10 h-1). This order of reactivity was correlated to the influence of the IL nature on 

the catalytic properties of the Ru NP catalysts, as supported by XPS data about IL-Ru NP 

interaction. Finally, recycling study of the Ru/ILs NPs systems in five catalytic runs evidenced 

that the FIL-stabilized catalysts were more stable than the non-functionalized Ru/H catalyst 

system, where Ru leaching likely occurred due to higher solubility of the Ru/H NPs in the workup 

solvent of the reaction mixture between catalytic runs. All in all, the results obtained in the catalytic 

hydrogenation of styrene show that the functionalization of IL had a positive influence on the 

performance and stability of the catalysts, thus proving that rational design of Ru/FIL NPs may 

allow to reach good catalytic performances. 

The third objective was the synthesis of Ni NPs in the same ILs as used for preparing the Ru/IL 

NPs systems. The NPs were prepared by the decomposition of bis-(η4-1,5-cyclooctadiene)nickel 

complex, [Ni(COD)2] in the absence hydrogen as the IL assisted the decomposition at 80 °C. TEM 

analysis indicated an average size of the synthesized Ni NPs to be between 2.8 and 6.9 nm. Well-

dispersed NPs were formed in H, MEM and CN, whereas agglomerates of small NPs were formed 

in MME. The size of Ni NPs were found to be larger compared to the Ru NPs. Small Ni NPs were 

prepared using CN (2.8 nm), compared to the previous literature (7-8 nm). Unlike all the Ru/FILs 

system, XPS analysis showed a change of the BEC1s of C4 to a lower value (i.e., negative E) for 

all ILs in the presence of Ni NPs. This was attributed to the formation of a nucleophilic species, 

e.g. N-heterocyclic carbene derived from the imidazolium cation as the result of deprotonation. 

However, there may exist a competition for the stabilization of the NPs surface between the NHC 
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species and the functional groups present in the FILs. As the stabilization by the functional group, 

or the carbene, can depend on the coordination strength of the stabilizing group at the Ni surface, 

the competition can have an influence on the size of the Ni NPs and could explain the difference 

in size observed in the Ni/FIL series (2.8-6.9 nm). All the Ni/ILs systems were found to be efficient 

catalysts for the hydrogenation of 2-cyclohexe-1-none under quite mild conditions (substrate/Ni 

ratio of 100/1, 130C, 10 bar of H2), providing full conversion of 2-cyclohexe-1-none with 

complete selectivity towards hydrogenation of the olefinic bond in short reaction time (1 h). 

Compared to previous work using Ni NPs synthesized in amine-functionalized ILs (substrate/Ni 

of 50/1, 90C, 10 bar of H2, 4 h, water solvent-isolated NPs redispersed in water), the work here 

allows using much less Ni metal, but a slightly higher temperature, to provide full substrate 

conversion in much shorter time under neat conditions. Remarkably, an exposure of the Ni/FILs 

systems to air for 24 h did not seem to affect the catalytic activity of the Ni NPs drastically. This 

showed that the developed Ni/FILs catalysts are quite stable in air, which may be of interest for 

their handling and implementation in catalysis. XPS analysis conducted on the 24 h-air exposed 

systems proved the existence of a remaining metallic Ni core and a NiO passivation layer, that 

probably protects the surface of the NPs. Recyclability of the Ni-NiO/MEM catalyst in 2-cyclohexe-

1-none hydrogenation was tested. A 18% decrease in conversion was observed after the second 

catalytic run maintaining the selectivity. However, the activity remained reasonably constant for 

the subsequent seven runs (runs 3 to 8). The drop in conversion could be due to further oxidation 

of the spent catalyst upon washing it with pentane in air after the first run. To examine this 

hypothesis, the recovered catalyst after the eight run was treated under 20 bar H2 at 120°C for 24 

h before implementation in another catalytic run without exposure to air. Such treatment provided 

almost initial activity with an increase of conversion by 20%. This result suggested reactivation of 

the Ni surface by H2 reduction of the NiO. However, the activity was found to decrease 

significantly when the Ni/FILs systems were exposed to air for 20 days, as the result of the 

formation of Ni(OH)2 species as detected by XPS. Finally, the Ni/FILs catalysts were tested in the 

hydrogenation of other substrates, including cinnamyl alcohol, 2,3-benzofuran, trans-2-hexen-1-

al, hexanal, benzonitrile, benzylamine, phenylacetylene and (R)-(+)-limonene. 

.  
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Another objective of the work was the synthesis of bimetallic RuRe NPs in H and MEM at 3 bar 

H2, 120 C, 2 days and anisole as solvents. The average sizes of the NPs were found by TEM 

analysis to be 1.6 and 3.3 nm for H and MEM, respectively. Despite insufficient decomposition of 

the used Re precursor, [Re2CO10], HRTEM and EDX analysis of the NPs revealed the presence of 

~34% Re in the NPs in RuRe/MEM. Compared to previous work within the group that used the 

same Ru and Re precursors, but a polymer (PVP, polyvinylpyrrolidone) and an amine (HAD, 

hexadecylamine) as stabilizers, the quantity of Re metal in the RuRe bimetallic NPs increased in 

the order: RuRe/H < RuRe/PVP ∼ RuRe/HAD < RuRe/MEM. Despite numerous attempts to 

achieve the complete decomposition of [Re2(CO)10] and separate the unreacted [Re2(CO)10] from 

the NPs through purification, this proved to be unattainable. Due to these challenges the 

organometallic rhenium precursor, [Re2(C3H5)4], was considered for future studies. 

During the three months internship at IFPEN, Lyon (France), the synthesized Ru/ILs and Ni/ILs 

were screened for catalytic hydrogenation of selected amides (cyclohexanecarboxamide, N,N-

dimethylbenzenamide and butyramide). Despite using relatively harsh reaction conditions (up to 

190C and 50-60 bar of H2), the MNPs/IL systems were not found active in the catalytic 

hydrogenation of the amides. Note that only a few catalytic systems are reported in the literature 

for the hydrogenation of amides, which is a very challenging reaction due to the high stability of 

amides.  

The results reported in this doctoral thesis open interesting perspectives for future research: 

1) Ru/FILs systems were found to be highly active and selective to ethylbenzene in the 

hydrogenation of styrene. These catalysts may be employed in the selective hydrogenation 

of other substrates than vinylic substrates, such as other olefinic or alkyne compounds, α,β-

unsaturated carbonyl compounds, nitriles, or even CO2. Initial studies on employing the 

Ru/MEM system in the hydrogenation of 2,3-benzofuran (substrate/Ru ratio 1000/1, 

120C, 10 bar of H2, 1,4-dioxane solvent) showed promising results of 20% conversion 

and >99% selectivity towards 2,3-dihydrobenzofuran.  

2) The substrate screening of Ni-NiO/MEM showed potential scopes for the application of all 

the Ni/FILs systems for various hydrogenation reactions, thus opening avenues for their 

implementation in catalysis.  
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3) The RuRe/IL bimetallic system would merit to be studied deeper in the hydrogenation of 

amides. Change in the synthesis protocol, for example by using the organometallic 

precursor [Re2(C3H5)4] instead of [Re2CO10] for the synthesis of the RuRe NPs could help 

to achieve an active catalyst. Catalytic application of the RuRe/IL system for the 

hydrogenation of other substrates than amides, for example as those mentioned above, is 

another perspective. 

4) All the metal NP/ILs systems developed can be immobilized onto a support like silica via 

a simple impregnation process to obtain the corresponding SILP systems with a highly 

accessible IL film layer. This is a convenient approach to generate materials with improved 

surface reactivity that facilitate a large number of reactant molecules to simultaneously 

reacts, thus leading to enhanced reaction rates and efficiencies when applied in catalysis.  
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7.  Materials and characterization methods 

7.1 Materials 

All operations for the synthesis of metal NPs and the preparation of the catalytic reactions were 

performed under inert atmosphere (argon) avoid the passivation and/or oxidation of the metallic 

surface using standard Schlenk techniques or in a glovebox (MBraun). Pentane, acetonitrile, 

acetone, dichloromethane (DCM) and diethylether were purified by standard methods or using a 

MBraun SPS-800 solvent purification system, and further degassed using the freeze-pump thaw 

method or argon bubbling. 1-Methylimidazole (99%, Sigma Aldrich), 1-chlorohexane (>99%, 

Sigma Aldrich), 1-bromo-2-methoxymethoxy ethane (98%, Sigma Aldrich), 2-methoxyethoxy 

methyl chloride (99%, Sigma Aldrich), 5-chlorovaleronitrile (98%, Sigma Alrich), lithium 

bis(trifluoromethylsulfonyl)imide (Li[NTf2]; >99%, Chemodex) were used as received.  

Styrene (98%, Sigma Aldrich), ethylbenzene (98%, Sigma Aldrich), octane (>99%, Sigma 

Aldrich) were purified by filtration on an Al2O3 column, then degassed and dried before use. Trans-

cinnamaldehyde (97%, Sigma Aldrich), cinnamyl alcohol (98%, Sigma Aldrich), 

hydrocinnamaldehyde (90%, Sigma Aldrich), 2-cyclohexen-1-one (>95%, Sigma Aldrich), 

cyclohexanone (≥99%, Sigma Aldrich), 2,3-benzofuran (99%, Sigma Aldrich), 2,3-

dihydrobenzofuran (99%, Sigma Aldrich), trans-2-hexen-1-al (98%, Sigma Aldrich), hexanal 

(98%, Sigma Aldrich), benzonitrile (≥99%, Sigma Aldrich), benzylamine (≥99%, Sigma Aldrich), 

phenylacetylene (98%, Sigma Aldrich), (R)-(+)-limonene (97%, Sigma Aldrich). The Ru, Ni 

precursors, [Ru(COD)(COT)] and [Ni(COD)2] complex was purchased from Nanomeps, 

Toulouse, France. The Re precursor [Re2(CO)10] was purchased from Sigma Aldrich (98%). H2 

(99.999%) and Ar (99.99%) were purchased from Air Liquid, Denmark. 

7.2 Characterization methods  

Liquid nuclear magnetic resonance (NMR) spectroscopy (1H, 13C{1H}, 19F, 13C dept-135) was 

performed on a Bruker Avance 300 instrument or a Bruker Avance 400 instrument using CDCl3 

or DMSO-d6 as solvents.  

Attenuated total reflection infrared (ATR-IR) spectra were recorded in the range 4000-400 cm-1 

under inert conditions on a Perkin-Elmer GX2000 spectrometer installed inside a glovebox.  
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Metal content was determined by inductively coupled plasma optical emission spectroscopy (ICP-

OES) on mineralized samples using a mixture of HNO3 and HCl acids with a Thermo Scientific 

ICAP 6300 instrument.  

Transmission electron microscopy (TEM) and high-resolution transmission electron microscopy 

(HRTEM) analyses (Centre de microcaractérisation Raimond Castaing, CNRS-UAR 3623, 

Toulouse) was performed on a JEOL JEM 1011 CXT electron microscope operating at 100 kV 

with a point resolution of 4.5 Å or a JEOL JEM 1400 operating at 120 kV with a point resolution 

of 2.0 Å, and on a JEOL JEM 2100F equipped with a field emission gun (FEG) operating at 200 

kV with a point resolution of 2.3 Å and HAADF-STEM on a JEOL JEM-ARM200F Cold FEG 

operating at 200 kV with a point resolution of >1.9 Å, respectively. The TEM samples were 

prepared by diluting a few drops of each MNPs/IL mixture in acetonitrile and a drop of the solution 

casted on a carbon-coated copper grid. Size distributions and mean sizes of the NPs were 

determined by measurement of at least 200 individual NPs on a given grid using the software 

ImageJ. 

Thermogravimetric analyses (TGA) were carried out on a Mettler Toledo TGA/DSC 3+ instrument 

under a N2 flow. Samples were placed into an alumina crucible and then heated from 25 to 800 C 

at a heating rate of 10 °C/min. DSC analyses were conducted from -120 to 40 °C with a heating 

rate of 10 °C/min after depositing the samples in a sealed aluminum pan and using a Netzsch DSC 

3500 Sirius instrument.  

X-ray photoelectron spectroscopy (XPS) analyses were performed using a Thermo Scientific 

system at room temperature using AlKα radiation (1484.6 eV) and a spot size of 400 μm. A flood 

gun was used to reduce sample charging effects and the obtained spectra were further corrected by 

setting the C 1s binding energy at 284.8 eV. Each survey scan was performed six times, MNPs 

scans either 35 (H sample) or 150 (other ILs) times and all other elements scanned ten times. The 

software's automatic survey ID function was used to obtain the atomic surface concentrations from 

survey scans. “Smart” backgrounds were applied to all spectra except for the metals, for which the 

“Shirley” method was used. Background-corrected spectra were deconvoluted using 

Lorentzian/Gaussian (30/70%) curves for identification and quantification of chemical species. 

Data processing was done using the Avantage 4.87 software.  
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Electrospray ionization mass spectrometry (ESI-MS) analyses were performed using a DSQ II 

Mass Spectrometer (Thermo Fisher Scientific) equipped with electron impact (EI) and chemical 

ionization (INN NH3) sources analyses up to 1000 mass at low resolution under argon.  

Elemental analyses (EA) were acquired on a Thermo Fischer Flash EA 1112 analyzer (Department 

of Chemistry, University of Copenhagen). The water content in solvents and ILs was determined 

with a Karl Fisher Coulometer (Metrohm) (target value for use of solvents <5 ppm).  

Small Angle X-ray spectroscopy (SAXS) analysis was performed in collaboration with Prof. John 

Slattery and Dr. Naomi Elstone FROM University of York using a Bruker D8 Discover 

diffractometer equipped with a bespoke temperature-controlled, bored-graphite rod furnace (). The 

radiation used was Cu Kα (λ = 0.154056 nm), generated from a 1 mS microfocus source. 

Diffraction patterns were recorded on a 2048 × 2048-pixel Bruker VANTEC 500 area detector set 

at 121 mm from the sample (Naomi et al., J. Phys. Chem. B, 2023, 127, 7394–7407). 

Quantitative analysis on the mixtures from the catalytic reactions was performed by a GC with 

flame-ionization detection (FID) using the internal standard method. Calibration curves were 

obtained with commercial reference products. At LCC, Toulouse, GC analyses were performed on 

a Shimadzu GC-2010 equipped with a Zebrom-zb-5ms capillary column (30 m x 0.25 mm x 0.25 

μm) using He as the carrier gas (He flow: 1.25 ml/min; injector temperature: 250 °C; detector 

(FID) temperature: 250 C; oven program: 50 C (hold 3 min) to 240 C at 10 C/min (hold 10 

min) for a total run time of 30 min. Retention times: octane 2.6 min; ethylcyclohexane 3.1 min; 

styrene 9.4 min; ethylbenzene 7.1 min). At DTU,  the analyses were performed on Agilent 6850-

5975C using a HP-5MS capillary column (30.0 m × 250 μm × 0.25 μm) with He carrier gas (He 

flow: 1.25 ml/min; injector temperature: 250 °C; detector (FID) temperature: 250 °C; oven 

program: 50 °C (hold 3 min) to 240 °C at 10°C/min (hold 10 min) for a total run time of 30 min. 

Retention times: octane 4.1 min; ethylcyclohexane 4.6 min; ethylbenzene 5.1 min; styrene 5.5 min; 

trans-cinnamaldehyde 5.1 min; hydrocinnamaldehyde 9.9 min; 2-cyclohexen-1-one 6.2 mi; 

cyclohexanone 5.6 min; 2,3-benzofuran 7.2 min; 2,3-dihydrobenzofuran 8.5 min; trans-2-hexen-

1-al 5.1 min; hexanal 7.3 min; benzonitrile 7.9 min; benzylamine 7.5 min; phenylacetylene 5.3 

min; (R)-(+)-limonene 7.8; menthane 7.6 min).  
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Relations in Styrene Hydrogenation. Nanomaterials 2023, 13, 1459. 

https://doi.org/10.3390/nano13091459 
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MSILDG) - 2022, London, UK - Ru metal nanoparticles in functionalized ionic liquids for 

olefin hydrogenation. D.  KRISHNAN, M. R. AXET, K. PHILIPPOT, A. RIISAGER  

 

3. DTU Symposium, 2022, Copenhagen, Denmark - Olefin hydrogenation with Ru metal 
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PHILIPPOT, A. RIISAGER  

 

4. ISI-HSHC International School, 2023, Bucharest - Synthesis of RuRe bimetallic 

nanoparticles in ionic liquids for catalysis. D. KRISHNAN, M. R. AXET, K. PHILIPPOT, 

A. RIISAGER  
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Appendix B 

B.1 XPS Analysis 

 

 

Figure B.1 Chemical structures of the ILs with numbering of atoms. 

 

1.  H 

 

Figure B.2 XPS high-resolution scan spectra of H a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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2. MEM 

 

 

Figure B.3 XPS high-resolution scan spectra of MEM a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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3. MME 

 

Figure B.4 XPS high-resolution scan spectra of MME a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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4. CN 

 

Figure B.5 XPS high-resolution scan spectra of CN a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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Appendix C 

 

C.1 TG analysis of Ru/FILs NPs and ILs 

 

 

Figure C.1 TGA Analysis of Ru/FILs NPs and ILs. 
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C.2 XPS analysis 

 

1. Ru/H 

 

Figure C.2 XPS high-resolution scan spectra of Ru/H a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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2. Ru/MEM 

 

Figure C.3 XPS high-resolution scan spectra of Ru/MEM a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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3. Ru/MME 

 

Figure C.4 XPS high-resolution scan spectra of Ru/MME a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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4. Ru/CN 

 

Figure C.5 XPS high-resolution scan spectra of Ru/CN a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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C.3 NMR Analysis of Ru/ILs NPs 

 

1. Ru/H 

 

Figure C.6 NMR spectrum of H and Ru/H in CDCl3. 
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2. Ru/MEM 

 

Figure C.7 NMR spectrum of MEM and Ru/MEM in CDCl3. 

 

 

3. Ru/MME 

 

Figure C.8 NMR spectrum of MME and Ru/MME in CDCl3. 
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4. Ru/CN 

 

 

Figure C.9 NMR spectrum of CN and Ru/CN in DMSO-d6. 
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Appendix D 

  

 

Figure D.1 Stainless steel high-pressure batch reactor. 

 

D.1 NMR Analysis of Ni/FILs NPs 

1. Ni/H 

 

        Figure D.2 NMR spectrum of H and Ni/H in CDCl3. 
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2. Ni/MEM 

 

 

Figure D.3 NMR spectrum of MEM and Ni/MEM in CDCl3. 

 

 
3. Ni/MME 

 

 

Figure D.4 NMR spectrum of MME and Ni/MME in CDCl3. 
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4. Ni/CN 

 

 

Figure D.5 NMR spectrum of CN and Ni/CN in DMSO-d6. 
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D.2 XPS analysis of Ni/FILs NPs 

 

1. Ni/H 

 

Figure D.6 High-resolution scan spectra of Ni/H a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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2. Ni/MEM 

 

Figure D.7 High-resolution scan spectra of Ni/MEM a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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3. Ni/MME 

 

Figure D.8 High-resolution scan spectra of Ni/MME a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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4. Ni/CN 

 

Figure D.9 High-resolution scan spectra of Ni/MME a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s 
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Appendix E 

 

E.1 XPS analysis of RuRe/ILs 

 

1. RuRe/H 

 

Figure E.1 High-resolution scan spectra of Ni/H a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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2. RuRe/MEM 

 

Figure E.2 High-resolution scan spectra of Ni/H a) C 1s, b) S 2p, c) N 1s, d) F 1s, and e) O 1s. 
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