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Abstract 

An accumulation of social, economic, and energetic crises occurring for decades drives the 

society to a critical situation. The dependency on fossil fuels for energy and chemicals 

production is noticeable and needs to be rapidly reduced by replacing those sources with 

renewable ones. Lignocellulosic biomass appears as a good alternative to the production of 

sustainable chemicals and fuels.  This renewable feedstock is composed of cellulose, 

hemicelluloses and lignin, and can be vastly found in waste streams, wood, energy crops 

and agricultural residues. Liquid fuels may be produced from second generation feedstocks 

of biomass, which are chemically identical to the ones from petroleum, and which can be 

used in the same combustion engines as those present nowadays. The replacement of fossil 

by biomass feedstocks for the production of chemicals is of great interest for 

environmental purposes. This promising feedstock can produce several platform 

molecules, such as furfural and 5-hydroxymethylfurfural, from which a vast range of value-

added compounds can be obtained.  

For a better performance of these transformations, selective and effective bimetallic 

nanocatalysts have been developed in this work, containing earth-abundant metals, thinking 

about their potential incorporation in industrial processes for energy transition. For this 

purpose, a series of Ru bimetallic materials containing either Ni or Cu as second metal were 

synthesised. Several stabilisers for the nanoparticles were used such as 

polyvinylpyrrolidone, diphenyl-2-pyridylphosphine and hexadecylamine. The synthesis of 

ultra-small (< 2 nm) RuCu and RuNi bimetallic nanomaterials, as well as their 

monometallic counterparts, was successful, by controlling the metal ratio between metals. 

RuNi/PVP nanoparticles showed synergetic effects between metals in both efficient and 

selective catalytic hydrogenations of furfural and 5-hydroxymethylfurfural. DFT 

calculations were performed to help us understand the experimental results, by modelling 

Ru, Ni and RuNi nanoparticles and adsorbing the different species on their surface. The 

results from theoretical calculations are in the line of the activity and selectivity observed in 

experimental catalytic experiments. RuCu/PVP nanoparticles, used as catalysts in the same 

hydrogenation reaction, were less performant than the corresponding  monometallic 

counterparts, as well as the RuNi/PVP nanoparticles. 
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RuNi/PVP and RuNi/PPh2Py nanoparticles were used as catalysts on the selective 

hydrogenation of quinoline, observing a dependence of the activity on the temperature and 

the Ru content. By using 1-propanol as solvent, N-alkylation of the substrate occurred, 

noticeably from 125 ºC. 

Deuterium-labelled molecules, being a stable and safe hydrogen isotope, have received 

great interest in different scientific domains, especially in pharmaceutical industry for the 

design of new drugs. Ru/PVP nanoparticles were tested for deuteration reactions of 4-

methoxyaniline, 4-trifluoromethylbenzaldehyde, methyl-2,3-O-Isopropylidene-β-D-

ribofuranoside and adenosine. Deuterations were not successful in the two first substrates 

nor in the third, where, nevertheless, deprotection and epimerisation reactions were 

observed. In the case of adenosine, the deuteration took place in a selective manner. 

This work offers the synthesis of new bimetallic nanomaterials with tunable properties. 

Some of the developed catalysts were tested in the hydrogenation of platform molecules, 

such as furfural and 5-hydroxymethylfurfural, and the monometallic Ru/PVP nanoparticles 

were used as catalysts in deuteration reactions. 
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Résumé 

L’accumulation de crises sociales, économiques et énergétiques depuis des décennies 

conduit la société à une situation critique. La dépendance aux combustibles fossiles pour la 

production d'énergie et de produits chimiques doit être rapidement réduite en remplaçant 

les sources fossiles par des sources renouvelables. La biomasse lignocellulosique apparaît 

comme une bonne alternative pour la production de produits chimiques et de carburants 

durables. Cette matière première renouvelable, composée de cellulose, d'hémicelluloses et 

de lignine, se trouve en grande partie dans les déchets, le bois, les cultures énergétiques et 

les résidus agricoles. Les matières premières de deuxième génération issues de la biomasse 

permettent la production de carburants liquides chimiquement identiques à ceux issus du 

pétrole et utilisables dans les moteurs à combustion d'aujourd'hui. Utiliser la biomasse pour 

la production de produits chimiques est donc une voie prometteuse et d’un grand intérêt 

pour l'environnement. Plusieurs molécules plateformes, telles que le furfural et le 5-

hydroxyméthylfurfural, sont accessibles à partir de la biomasse, pouvant conduire à une 

vaste gamme de composés à valeur ajoutée.  

Pour réaliser ces transformations de façon performante, des nanocatalyseurs bimétalliques 

à base de métaux abondants ont été développés, en pensant à leur incorporation potentielle 

dans des processus industriels pour la transition énergétique. Une série de matériaux 

bimétalliques associant le Ru au Ni ou au Cu comme second métal a été synthétisée avec 

succès et entièrement caractérisée. Différents stabilisants ont été utilisés, tels que la 

polyvinylpyr-rolidone, la diphényl-2-pyridylphosphine et l'hexadécylamine, conduisant à des 

nanomatériaux bimétalliques RuNi et RuCu bien contrôlés et de très petite taille (< 2 nm), 

avec différents ratios en métaux. Des homologues monométalliques ont aussi été préparés 

à des fins de comparaison. 

Les nanoparticules RuNi/PVP ont montré des effets synergiques entre les métaux dans 

l’hydrogénation catalytique efficace et sélective du furfural et du 5-hydroxyméthylfurfural. 

Des calculs DFT par modélisation des nanoparticules de Ru, Ni et RuNi avec adsorption 

de diverses espèces à leur surface ont permis de mieux comprendre les résultats 

expérimentaux. Les résultats obtenus confirment l'activité et la sélectivité observées en 

catalyse. Lorsqu’utilisées comme catalyseurs dans la même réaction d'hydrogénation, les 

nanoparticules de RuCu/PVP sont moins performantes que les homologues 

monométalliques correspondants et que les nanoparticules RuNi/PVP. 
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Les nanoparticules RuNi/PVP et RuNi/PPh2Py ont également catalysé l'hydrogénation 

sélective de la quinoléine, en observant une dépendance de l'activité par rapport à la 

température et la teneur en Ru. En utilisant le 1-propanol comme solvant, la N-alkylation 

du substrat s'est produite de façon notable à partir de 125 ºC. 

Le deutérium étant un isotope stable et sûr de l'hydrogène, les molécules marquées au 

deutérium suscitent un grand intérêt, notamment dans l'industrie médicinale et 

pharmaceutique pour la conception de nouveaux médicaments. Les nanoparticules 

Ru/PVP ont été testées pour la deutération d'une série de substrats modèles (4-

méthoxyaniline, 4-trifluorométhylbenzaldéhyde, méthyl-2,3-O-Isopropylidène-β-D-

ribofuranoside et adénosine). Malgré l’absence de deutération, des réactions intéressantes 

de déprotection et d'épimérisation ont été observées pour les trois premiers substrats. Avec 

l'adénosine, la deutération a eu lieu de manière sélective. 

Ce travail décrit la synthèse de nouveaux nanomatériaux bimétalliques présentant des 

propriétés modulables et prometteuses pour la catalyse. L'hydrogénation de molécules 

dérivées de la biomasse, telles que le furfural et le 5-hydroxyméthylfurfural, a été menée 

avec succès. Des nanoparticules monométalliques de Ru/PVP ont également permis de 

catalyser des réactions de deutération. 
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General Introduction 

In 2021, the 77 % of the world energy consumption was coming from fossil fuels and this 

dependency is even higher for chemicals production. For this reason, we need renewable 

alternatives like lignocellulosic biomass which has risen as an interesting feedstock for both, energy 

and chemicals production. In order to use the same production chain of petroleum-sourced fuels 

and to avoid its corrosion, the reduction of the oxygenated platform molecules from lignocellulosic 

biomass is needed. 

Furfural, a lignocellulosic biomass platform molecule, can be converted through different type of 

reactions such as oxidation, decarbonylation or hydrogenations. It contains different moieties that 

can be reduced, producing a variety of products such as furfuryl alcohol, a chemical used in the 

resin industry; 2-methylfuran, a potential biofuel; and 1,2-pentanediol, which can be used as a 

solvent. In order to obtain pure products, we need selective catalysts for furfural reduction. 

Nanocatalysts appear to be important as, by tuning their properties, their selectivity and catalytic 

performances can be modified. The nanocatalysts’ parameters that can be tune are the size, the 

shape, the nature of the stabiliser, the composition or the chemical order. In our team, we have 

developed an organometallic approach for the synthesis of metal nanoparticles by modifying these 

parameters for their applications in catalysis. This organometallic approach consists on the 

decomposition of the metallic precursors in a solvent under H2 pressure, with the presence of a 

stabiliser such as ligands, polymers, ionic liquids or supports, followed by the nucleation of “naked” 

metal atoms and the growth of metal nanoparticles. Apart from modifying the nature of the 

stabiliser, we can also play on the metallic composition by using one or more metals, and their 

chemical order, which can be, for example, an alloy or a core-shell.  

The nanocatalysts’ properties depend on the chemical order, which can be different depending on 

the decomposition of the metallic precursors and the metals miscibility. In our work, we have 

synthesised bimetallic NPs and applied them in catalytic reductions. For the application of these 

nanoparticles in the industry, they need to be performing and cheap catalysts. Earth abundant 

metals, such as Ni or Cu, need drastic conditions for reductive reactions. In order to decrease these 

harsh conditions, combining them with a noble-metal could be an option. Ru is one of the most 

abundant noble-metals and very efficient in hydrogenation reactions. Ni and Cu are known to be 

immiscible with Ru but this miscibility between metals can be modified when changing the reaction 

conditions. For this reason, in our work we played with the reaction conditions of the 

organometallic approach to design RuNi and RuCu bimetallic NPs for the selective hydrogenation 

of furfural.  
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In the case of bimetallic catalysts, the presence of two metals may improve the performance of the 

two separated metals. This improvement it is caused by a synergy between the two metals. 

Synergetic effects between Ru and the earth abundant metals used in this work, Ni and Cu, have 

already been reported in literature for different catalytic reductions. 

The first chapter of this work is dedicated to a global context of the research and it is mainly 

focused on the use of RuNi catalysts for hydrogenation reactions. The different references reported 

in literature for RuNi systems are summarised in a table with some of the most important details of 

each. 

The second chapter is mainly focused on the synthesis and characterisation of RuNi NPs using 

polyvinylpyrrolidone (PVP), diphenylpyridylphosphine (PPH2Py) and adamantanecarboxylic acid 

(AdCOOH). The synthesis and characterisation of RuCu NPs stabilised by PVP and of 

monometallic Cu NPs stabilised by hexadecylamine (HDA) are also described in this chapter. 

In Chapter 3, the use of RuNi/PVP NPs and RuCu/PVP NPs as catalysts for furfural 

hydrogenation is discussed. Moreover, the use of RuNi/PVP NPs and RuNi/PPh2Py NPs as 

catalysts for quinoline hydrogenation is also treated in this chapter. 

In the fourth chapter, Density Functional Theory (DFT) calculations, performed in Prof. Dr. 

Romuald Poteau’s research group at Laboratoire de Physique et Chimie des Nano-Objets 

(LPCNO) in Toulouse, are reported to rationalise some of the catalytic results from Chapter 3. 

Different models have been built for monometallic Ru, monometallic Ni and bimetallic RuNi NPs 

in order to better understand the selectivity, the solvent and the metallic effect. 

Chapter 5 describes the application of monometallic Ru/PVP NPs as catalysts for the deuteration 

of several organic molecules, which has been performed during a three months internship in Prof. 

Dr. Matthias Beller’s research group at Leibniz-Institut für Katalyse in Rostock (Germany). 

Finally, the sixth chapter is dedicated to the experimental techniques that have been used during the 

synthesis, characterisation and application in catalysis of the different NPs synthesised. It is 

followed, to summarise the most important results, by the general conclusions and the perspectives 

of this work. 
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1.1 Global context 

The pandemic COVID-19, discovered in Wuhan on December 2019, has rapidly spread all 

over the world,1,2 creating health and social crises and evidencing that the global society was 

not ready to face this kind of situation. It has been described as one of the biggest world-

wide crises after World War II, with a big impact even in rich and industrialised nations.3 

Apart from social and health domains, the environmental and economic ones were also 

affected.4 Even if the pollution from industries and transports decreased with the lock-

down,5 social and economical issues increased around the globe,6 and as a post effect, the 

issue of medical waste treatment and single-use plastics removal appeared as a new prob-

lem.5 

The current world situation is a clear example of what is called cascading disasters.7 Hazards 

are not the real cause of disasters but only the trigger, the real cause being vulnerability.8 In 

2018, the year before the pandemic appears, consequences of financial crises of the past 

decades were still a matter of actuality.9 If it was not enough, in 2022, the war between Rus-

sia and Ukraine worsen the situation, with a new global humanitarian, economic and ener-

getic crisis appeared.10  

Moreover, climate change, which is another cause for health issues, is present since decades, 

for example, global warming which is increasing the global temperature without stop. In the 

2020 Lancet Countdown report, 43 indicators concerning the climate change were pub-

lished.11 The World Meteorological Organisation, a specialised agency of the United Na-

tions, stated in 2018 six important indicators to evaluate the state of the climate: tempera-

ture, greenhouse gases and ozone, the oceans, the cryosphere, drivers of interannual vari-

ability and extreme events.12 The report from 2015 was already proposing a list of ten rec-

ommendations to face climate change around the world, regarding health wellness, which 

consisted on investing more in climate change research, protecting respiratory and cardio-

vascular health and promoting healthy lifestyles, increase taxes to fossil fuels, support low-

carbon energy transitions and invest on renewable energy sources while facing global envi-

ronment changes. 

In 2015, the participants on the 21st Conference of the Parties (COP21) agreed on limiting 

the increase of the global average temperature at 1.5 ºC in comparison to the preindustrial 

levels.13,14 In order to success on this agreement, the recommendations were: to suppress 

the power generation from fossil fuels by a complete decarbonisation and reversing the 

trend started with industrial revolution, to install a sustainable global food and agricultural 

systems, to study the structure and function of spatial infrastructures and cities and the 
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transports between them, to preserve the planetary boundaries, to reverse deforestation and 

to change the use of the land and the methods to deliver health care.15,16 

Concerning the first of these recommendations, research on the energy consumption and 

the renewable sources of energy is continuously needed. As it may be observed in Figure 1, 

fossil fuels represented in 2021 the 77 % of the world energy consumption.17 

29%

22,9%

4%

25,2%

6,3%
2,8%

1,5%
0,6%

1,3%
6,3%

 Traditional biomass
 Coal
 Oil
 Natural gas
 Nuclear
 Hydropower
 Wind
 Solar
 Modern biofuels
 Other renewables  

Figure 1: World primary energy consumption by source in 2021. 

Together with the evolution of new technologies, the energy demand has not stopped in-

creasing and the prevision until 2050 and 2100 goes on the same direction.18,19 The main 

concern is that we are currently dependant on fossil fuels which are finite resources.20 Fur-

thermore, another important problem is the CO2 emissions associated to their use.19 The 

prevision of carbon emissions rate in 2050 is to double the ones from 2001 and, as a direct 

consequence, the CO2 accumulation at the atmosphere will continue to increase, as earth 

and oceans will not be able to store it all.21,22 

Several climate models have predicted the consequences of an atmosphere containing 550 

ppm of CO2 or more, being some of the results, changes in the hydrological cycle or rises of 

the sea level.23 In 2021, the global averaged CO2 concentration at the atmosphere reached 

414.71 ppm and the preliminary data obtained in 2022 already reached 417.2 ppm, showing 

an increase of circa 3 ppm per year.24 If this tendency is maintained, the CO2 levels will be 

reaching over 500 ppm in 2050.  

After observing this context full of crises, now is the time to implement medium and long 

term objectives to reactivate the economy in a more sustainable way, to take profit of the 
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critical situation to start or transform current businesses to entrepreneurial sustainable busi-

nesses models.25 Chemical leasing is an innovative business model concerned by circular 

economy which can rapidly integrate green and sustainable chemistry in international policy 

regimes and industries to advance towards a greener and more sustainable world with pros-

perity for either people and planet.26 

1.2 The 12 green chemistry principles 

In today’s world, almost every type of industry use chemicals in their daily routines, as 

chemical products are, together with food, beverage, machinery and equipment industries, 

one of the most manufactured products around the world.27 Over the years, many theories 

and concepts have been developed in the direction of removing hazardous chemicals.26 One 

of them, Sustainable Chemistry, consists on the chemistry which uses resources, including 

also energy, that the rate of natural replacement is faster than its consumption and where 

the waste treatment is also faster than its formation.28 In 1987, the World Commission on 

Environment and Development stated about sustainable development that it should allow 

to fulfil the needs and aspirations of the present without compromising the ones that may 

come in the future.29 

Another concept, and the one which this section is about, is Green Chemistry which is 

based on 12 principles (Figure 2) that protect and benefit the people, the planet and the 

economy, when they are applied on chemical products and processes.30 The final goal of 

Green Chemistry is the reduction of any chemical which has negative consequences on 

humans and environment.31 
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Figure 2: The 12 principles of green chemistry.32 

The first of these twelve principles is prevention, as it is always better to prevent the forma-

tion of waste (any product without any value or the loss of energy) than to worry about how 

to treat it.33 This waste may appeared with different forms and its impact depends on how it 

is released, its toxicity, its nature or its quantity.34 E-Factor, also known as Environmental 

Impact Factor and which was described in 1992, consists on a relation between the weight 

of waste and the weight of product formed.35 This factor has been applied in several indus-

trial processes to evaluate their efficiency, being of these examples the production of ethyl-

ene oxide.36,37 However, in some cases, wastes cannot be eliminated and so research is per-

formed to try to give value at these wastes in other processes.38,39 Moreover, especially in 

synthetic and biopharma sectors, another concept called process mass intensity, which con-

sists on the relation of the weights of all the used materials and the active drug produced.40 

The second principle is the atom economy, as synthetic methods are supposed to integrate 

all the atoms used to the final product.33 Atom economy, or atom efficiency, was stated in 

1990 as taking the maximum profit of the raw materials by including as many atoms from 

the reagents as possible to the final product.41 It is a theoretical concept that can be calcu-

lated by dividing the molecular weight of the product by the sum of all the molecular 

weights of the reactants. Atom economy is applied to different kind of reactions such as 

Diels-Alder,41 A3-couplings42 and Grignard reactions43. 
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The third principle is the less hazardous chemical synthesis, as synthetic methods should be 

producing little or no toxic substances for humans and the environment.33 Chemists need 

efficient and cleaner synthetic tools and, for this reason, new reactions such as enzymatic,44 

metathesis,45 cascade or tandem46,47 and C-H activation reactions48–50 have been developed, 

being alkene metathesis a cleaner option for Wittig reactions, for instance.51 

The fourth principle is the designing of safer chemicals, which is in line with the third prin-

ciple, as effective, safer, non-toxic chemicals are needed for cleaner reactions.33 Over the 

years, a plethora of chemicals have been designed but, without thinking about their hazard, 

which is not suitable for sustainability. More recently, studies on toxicology have improved 

the design of safer chemicals, allowing the creation of correlations, models and equations to 

relate different aspects of the chemicals.52–55 

The fifth principle concerns the use of safer solvents and auxiliaries, as when is possible is 

better to not use them and when it is not feasible their suppression, they should be safe 

chemicals.33 Solvents normally represent between 50 and 80% of mass waste,56,57 and are in 

some cases toxic, flammable, corrosive, and pollutant, becoming thus an important field of 

research for green chemistry.58–60 In order to eliminate or reduce the use of these conven-

tional solvents, research has been performed for greener methods such as using water,61–65 

as apart of being a safe solvent, can help on the separation of organic products by hydro-

phobic effect;66,67 supercritical fluids,64,68–70 64,68–70for instance supercritical CO2 can be 

eliminated easily by degassing the system;71,72 ionic liquids73–78 as solvents, or even solvent-

less systems.64,79–82 Reactions solvent free are very appealing, as solvent represent the major-

ity of the waste to treat, as aforementioned.56,57  

The sixth principle is the design for energy efficiency, as chemical reactions at room tem-

perature (RT) and ambient pressure should be preferred to reduce the environmental and 

economical impact of energy.33 The increase of energy consumption and the concern about 

fossil fuels have motivated the research on more efficient processes and renewable ener-

gies.83,84 Alternative energy sources are identified as solar power,85–89 biofuels production,90–

95 hydrogen fuel cells,96–101 and wind,102–104 hydro,105–107 and geothermal energies.108–111 

The seventh principle is the use of renewable feedstocks, as, from an economical and tech-

nical point of view, it is much more practical than non-renewable ones.33 The majority of 

materials and energy are actually coming from fossil fuels and that is why the use of bio-

mass (wood, agricultural residues, crops, food,...), as the most available renewable feedstock 

on Earth, for their production has become crucial.112–115 Some of the most known renew-

able feedstocks are cellulose, lignin, glycerol, starch, oil or chitin.116–120 Lignin, in the past, 
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was considered as a waste of paper industry, and nowadays is a raw material to synthesise 

vanillin or DMSO.121–123 Similarly, chitin is a by-product of the seafood industry, which via 

deacetylation can be transformed to chitosan, a chemical with several applications.124–127 

The eighth principle is to reduce derivatives, as the increase of derivatisation, such as the 

addition of protecting groups, increases the reagents and thus the waste.33 Covalent128,129 

and non-covalent derivatisations are possible, being the latest less energy demanding, sim-

pler, often occurring under solventless or aqueous media, and with reduced toxicity and 

environmental impact.130–133 

The ninth principle is catalysis, as catalytic reagents are better than stoichiometric ones, 

being as selective as possible.33 The use of catalytic amounts results to a decrease of 

stoichiometric amounts of reagents and thus, a reduction of the generated wastes.134–137 The 

application of catalysts in the chemical industry is vast, by reducing in all cases the amount 

of stoichiometric reagents, the energy required and hence, the waste.138–141 Moreover, bio-

catalysis has appeared to be an interesting tool due to natural or modified enzymes, which 

might obtain higher selectivities in catalytic reactions.142,143 

The tenth principle is the design for biodegradation, as chemicals should be conceived to 

degradate into innocuous products safe for the environment when their function is accom-

plished.33 The persistence and not degradation of several materials and chemicals have been 

observed during the history of industrialisation,144–146 being two of the examples acrylamides 

or propylene oxides.147 In order to face bioaccumulation of wastes, especially the toxic ones, 

biodegradable molecules were designed to replace the chemicals, such as plastics, used in 

the past.53,148,149 

The eleventh principle is the real-time analysis for pollution prevention, as it is needed to 

analyse and determine hazardous substances before their formation to be able to prevent.33 

The main goal of green analytical chemistry is to be able to analyse chemicals without gen-

erating waste or any impact to the environment and, for this reason, several improvement in 

analytical techniques have been performed.150–153 A new concept called process analytical 

chemistry, consisting on the ability to control a reaction to prevent undesired results to 

happen at the exact moment which is about to occur, has been defined.154,155  

The twelfth principle is the inherently safer chemistry for accident prevention, as, in order 

to reduce chemical accidents, the substances used and their form in a chemical process 

should be chosen to minimise them.33 The first and most important step to prevent chemi-

cal accidents is to identify and evaluate the different hazards present.156 A further step for 

the chemical accidents prevention is the chemical substitution of the hazardous chemicals 
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for a safer design of the process. For example, in the production of polycarbonates where 

the toxic phosgene gas can be replaced by CO2 reacting with ethylene oxide, although new 

hazards appeared associated to ethylene oxide.157 

Having seen the general context, the application of these twelve green chemistry principles 

is of high importance at any industry related to chemicals, as was performed in the crop 

protection industry.158 

1.3 Renewable feedstocks 

Different kind of renewable sources of energy, such as solar or wind power, to substitute 

fossil fuels has been developed.159 However, in the production of chemicals, this replace-

ment of fossil fuels is mainly restricted to biomass.113  

Biomass Part of  Plants Used Conversion Step Products

Oilseed crops

Grains

Sugar crops

Agricultural residues

Trees and grasses

Algae

Fats and oils

Starches

Sugars

Cellulose
hemicellulose

and lignin

Chemical

Transesterification

Hydrotreating

Biological

Conventional alcohol 
fermentation

Enzymatic hydrolysis
& fermentation

Anaerobic digestion

Novel approaches

Thermochemical

Pyrolysis

Gasification

Catalysis to liquid
fuels

Biodiesel or 
renewable diesel

Ethanol, butanol

Methane

Hydrocarbons and 
natural oils from
where fuel can be 

produced

 

Figure 3: Flow-chart for the obtention of several products from biomass of different ori-

gins.160 

Different biomass renewable feedstocks are shown in Figure 3 with their pathways to ob-

tain chemical products produced mainly from fossil fuels. One of these feedstocks, lignocel-

lulosic biomass, constituted by cellulose, hemicelluloses and lignin, has risen as an interest-

ing alternative to fossil fuels for either energy and chemicals production.161,162  

From the three components of lignocellulosic biomass, several platform molecules such as 

furfural (FF) and 2,5-hydroxymethylfurfural (HMF), can be obtained and, at their turn, to 

be transformed to other chemicals by, for example, hydrogenation, oxidation, acetalisation 

or decarbonylation reactions.163–168 All these transformations need to be efficient in order to 
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integrate them in the industry for the energy transition; in particular, catalysis may be key to 

reach this objective, that is the reason why performing and efficient catalysts are needed to 

be designed.169 

1.4 RuNi catalysed hydrogenations 

Molecules coming from biomass processed by cracking and hydrotreating steps resemble 

the ones from fossil fuels, allowing thus the use of the same production machinery, as they 

reduce the oxygen atoms in the molecules.170 A plethora of catalysts have been explored to 

find the most performant ones for such transformations. In particular, nanoalloys used as 

catalysts in oil refineries, petrochemical manufacturing, fine chemical synthesis, hydrogen 

evolution or oxygen reduction reactions, are predicted to be efficient with biomass-sourced 

molecules.171–175 

Nanoalloys, containing two or more metals, have shown to be interesting materials with 

vast applications176,177 and with catalytic activity that can be higher than their respective 

monometallic counterparts. Their catalytic activities depend on the different properties of 

the nanoparticles (NPs), such as the difference of electronic properties between metals, 

structure (Figure 4), size or shape.178–181  

 
Figure 4: Schematic representation of some possible mixing patterns:  core−shell (a), sub-

cluster segregated (b), mixed (c), three shell (d). The pictures show cross sections of the 

clusters.176 
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Bimetallic catalysts have been used for upgrading lignocellulosic biomass into different 

value-added chemicals, using reactions such as reforming, oxidation, hydrogenolysis, hydro-

deoxygenation or hydrogenations.182,183 For instance, in reforming reactions, the presence of 

Re and Sn in Ni based catalysts, has had a positive effect for the formation of hydrogen 

(H2).184,185 In oxidation reactions of glucose to gluconic acid and of furan-derived com-

pounds, such as furfuryl alcohol (HF), to their corresponding carboxylic acids, synergetic 

effects have been observed for PtPd and NiPd catalysts, respectively, displaying higher ac-

tivities than their monometallic counterparts.186,187 In hydrogenolysis reactions, glycerol was 

converted to 1,2-propanediol on a RuCu bimetallic catalyst at 230 ºC and 80 bar of H2, 

while it was converted to 1,3-propanediol on a PtCu bimetallic catalyst at 210 ºC and 1 bar 

of H2.188,189 In hydrodeoxygenation reactions, vanillin was converted to methylcyclohexanol 

on a CoNi bimetallic catalyst at 200 ºC and 10 bar of H2, while several oxygenated biomass 

molecules, such as HMF obtained also better activities and selectivities with the bimetallic 

Co5Zn1Ox catalysts than with their monometallic counterparts.190,191 In hydrogenation reac-

tions, levulinic acid was converted to γ-valerolactone on a RuSn bimetallic catalyst at 180ºC 

and 35 bar of H2, while several oxygenated biomass aldehydes, such as FF, where converted 

to their corresponding alcohols on a bimetallic PtNi catalyst at 100 ºC and 10 bar of H2, 

showing better performances than with their monometallic counterparts.192,193 Furthermore, 

synergetic effects have been also observed with bimetallic RuNi catalysts for the upgrading 

of biomass using hydrogenolysis reactions.194–200 

RuNi based catalysts have been used as efficient catalysts for several hydrogenation reac-

tions, including substrates like, CO,201 CO2,202 N2,203 alkenes,204 nitro- compounds,205 alde-

hydes,206; and also being efficient as catalysts for C-O cleavage reactions.200 Specifically, 

being highly performant for the hydrogenolysis of lignin.195 In many occasions, a synergism 

between both metals have been found,196,202,207 at a specific Ru/Ni ratio or structure.208 The 

combination of Ni with Ru provides to the later metal different electronic properties as it 

has been shown by XPS,209–211 even if the material is composed of independent monometal-

lic NPs of Ru and Ni in close vicinity.194,195 It has been also proposed that Ru is able to 

reduce Ni2+ through hydrogen spillover.196,212 Thus, aside of the electronic effects, the hy-

dride mobility could imply enhanced catalytic reactivity for RuNi NPs based catalysts. Sev-

eral structures have been described for RuNi based catalysts, homogenous alloyed struc-

ture,197,213 core-shell, with both Ru198 or Ni202 on the core, and others.198  

Table 1 summarizes recent examples on the application of RuNi catalysts for hydrogenation 

reactions. 
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Table 1: RuNi based catalysts for hydrogenation reactions. 
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Small molecules, such as, N2, CO and CO2 have been successfully reduced in the presence 

of RuNi based catalysts, in some cases displaying better performances than the correspond-

ing monometallic counterparts.201–203 CO hydrogenation on bimetallic 

[Et4N]2[Ru3Ni3C(CO)13] at 246 ºC using 5 bar of a mixture CO/H2 = 0.5, increases the 

selectivity towards oxygenates such as methanol, methanal, ethanol and propanol, compared 

to the monometallic Ru catalyst, as the generation of hydrocarbons decreases, obtaining in 

both cases a low CO conversion.215 More recently, dimethoxymethane has been produced 

on RuNi/β-zeolite (BEA) bimetallic catalysts by CO hydrogenation, obtaining its better 

yield after 48 h at 120 ºC using 75 bar of the mixture CO/H2 = 0.5 in methanol, yield 

higher than the observed with the corresponding monometallic counterparts.201 

CO2 hydrogenation using RuNi/BMI.NTf2 NPs at 150 ºC with 8.5 bar of a mixture 

CO2/H2 = 0.25, displays synergetic effects between metals. Several Ru/Ni ratios were used, 

and concerning the activity, Ru3Ni2 NPs was the most selective towards low weight hydro-

carbons (C2-C4).202 

Ammonia synthesis was performed on NiRu3 catalysts (2 wt. % metal) at temperatures from 

375 ºC to 450 ºC using a mixture N2/H2 = 3. In this case, the productivity was lower than 

the monometallic Ru catalyst, which was attributed to a strong absorption of the hydrides to 

the metallic surface because of the presence of Ni.203 

Aliphatic and aromatic alkene hydrogenations have been achieved as well with this class of 

bimetallic catalysts. RuNi based materials have been used for the hydrogenation of pentadi-

enes,204 cyclohexene,204 benzene,216 naphthalene,217 mixtures of hydrocarbons modelling 

gasoline,218 phenol,219 and carbazol derivatives.214 

Hydrogenation of linear dienes, such as 1,3-pentandiene and 1,4-pentandiene to pentane, 

occurs on the bimetallic cluster [(Cp)NiRu3H3(CO)9] at 80 ºC under H2 pressure with a 100 

% selectivity, observing an increase of hydrogenolysis when increasing the temperature.204 

Using the same catalysts and reaction conditions, cyclohexene, 1,3-cylochexadiene and 1,4-

cyclohexadiene were converted to cyclohexane with a 100 % selectivity, as similarly ob-

served with the monometallic Ru catalyst. Toluene was also hydrogenated, in this case, syn-

ergetic effects between metals were observed in terms of selectivity, as the highest amount 

of methylcyclohexane was obtained with the bimetallic catalyst, having as a minor product 

cyclohexane.204 
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Benzene hydrogenation was also possible using Ru/Ni catalysts with different stabilisers, 

PVP and CTAB, at 100 ºC under 50 bar of H2. In all cases, the presence of Ru increased the 

yield to cyclohexane compared to the monometallic Ni catalyst.220 Benzene hydrogenation 

on bimetallic Ru-Ni/C at 60 ºC under 53 bar of H2, shows synergetic effects between met-

als and a higher activity of bimetallic Ru-Ni-NiO interfaces than the RuO2-NiO ones.221 

Benzene hydrogenation studied at lower temperatures(20-60 ºC) and pressures (3-48 bar) 

with the same catalyst, allowed observing synergetic effects between metals on the activity, 

as TOFs and yields towards cyclohexane were higher.222 Benzene hydrogenation on bi-

metallic Ru-Ni/NiO/C at 60 ºC and 53 bar of H2 is the most active and selective to cyclo-

hexane of the tested bimetallic and monometallic NPs, which the authors explained by the 

high dispersion of Ru atoms on the structure of Ni/NiO NPs.223 RuNi/C were also tested 

for benzene  hydrogenation at 60 ºC under 53 bar of H2, observing that lower calcination 

temperatures for the preparation of the catalysts, enhance the activity of the catalyst to-

wards cyclohexane and also observing synergetic effects between Ru (activating H2), 

Ni(OH)2 (activating benzene) and Ni acting as a bridge for hydrogen transfer.224 Synergetic 

effects between Ru, NiO and Ni are also observed on the activities with the benzene hy-

drogenation on bimetallic RuNi/C-PVP catalysts at 60 ºC under 53 bar of H2, observing a 

high selectivity towards cyclohexane.216 Synergetic effects were further observed between 

the Ru, Ni and NiO species, and being the most active composition the Ru0.56Ni0.44.209 Ben-

zene hydrogenation is also evaluated on bimetallic Ru/Ni catalysts, obtained through gal-

vanic replacement using  EDA, PVP or CTAB as stabilisers, at 100 ºC using 53 bar of H2, 

synergetic effects were observed as bimetallic catalysts yielded to cyclohexane, in higher 

yields than monometallic Ni, and being Ru/Ni-EDA more active than its PVP and CTAB 

homologues, attributed to a better dispersion of Ru atoms.225 Benzene hydrogenation was 

also tested on trimetallic Ru/CoNi catalysts at 100 ºC under 53 bar of H2, showing a high 

selectivity of the catalysts synthesised in ethanol and a synergy between the three metals.226  

Ru/Ni/Ni(OH)2/C was able to reduce naphthalene, using as reaction conditions 48 bar of 

H2 at different temperatures, being 100 ºC the one with highest activity. At this tempera-

ture, the bimetallic system displayed higher activity than the monometallic catalyst, observ-

ing a synergetic effect between the Ru, Ni and Ni(OH)2 species. The selectivity towards 

decalin, the fully hydrogenated product, was high, reaching a value of >99 %.227 The same 

reaction was tested on Ru/Ni/NiO/C bimetallic catalyst also at different temperatures and 

using several amounts of catalyst, observing a synergy effect between metals and a 100 % of 

selectivity towards decalin in this case at a low temperature, 25 ºC.217 Anisole hydrogenation 

on bimetallic RuO2/NiO/Al-SBA catalyst at temperatures ranging from 300 to 450 ºC and 

a 50 mL·min-1 flow of H2 shows a good selectivity towards benzene for the catalyst with a 
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weight Ru of 0.4 % although, it was observed that the increase of weight Ru percentage to 1 

% increased the activity, being the most active catalyst.228 

A mixture of 10 wt. % styrene, 35 wt. % toluene and 55 wt. % n-heptane, as a model for 

gasoline, was successfully hydrogenated on bimetallic NiRu/Al2O3 catalysts at 60 ºC with 20 

bar of H2. Several compositions were tested being Ni4Ru0.05 the most active and selective 

towards ethylbenzene; the observed synergetic effects between metals were attributed to an 

increase of exposure of the Ni atoms compared to monometallic Ni.218 Hydrogenation of 

phenolic compounds, like phenol, by supercritical water gasification on NiRu/Al2O3 bi-

metallic catalysts at 450 ºC occurs. The incorporation of Ru on the catalyst leads to an in-

crease of the activity and the selectivity towards cyclohexanol.219,229 

The aromatic rings of N-ethylcarbazole and N-propylcarbazole were successfully hydrogen-

ated using RuNi/TiO2230and RuNi/Al2O3,214 respectively. For the former, temperatures as 

high as 150 ºC and pressures of 70 bar of H2 were needed, yet, RuNi/TiO2 performed bet-

ter than the corresponding Ru catalyst. Support effects were observed, and the crystal struc-

ture of TiO2 modified the outcome of the reaction.230 N-propylcarbazole hydrogenation 

using RuNi/Al2O3 as catalyst was also performed at high temperature, 150 ºC, under lower 

pressure, 40 bar of H2. Several Ru/Ni ratios were tested, and the Ru2.5Ni2.5 catalyst dis-

played the best activity and selectivity towards the perhydro-N-propylcarbazole of the se-

ries. The synergetic effects observed were attributed to a favoured  hydrogen spillover, in 

comparison to the monometallic counterparts.214 

Alumina was also used as support for a bimetallic NiRu/Al2O3 active for the quinoline 

hydrogenation.231 Elevated temperatures and pressures, 300 to 400 ºC, H2 pressures from 

200 bar to 250 bar, were applied, which lead to the hydrodenitrogenation of the quinoline 

to produce 2-hexene. At lower temperatures and pressures, 100 ºC and 50 bar of H2, quino-

line hydrogenation was achieved using RuNi/C. The activity observed with the bimetallic 

system was enhanced compared to the  monometallic counterparts; selectivity towards the 

partially hydrogenated product, 1,2,3,4-tetrahydroquinoline (1-THQ), was high.232 On the 

other hand, RuNi/meso_SC catalyst was less performant than others Ru-M (M = Ga, In, 

Ge, Sn, Ni) bimetallic catalysts tested for the hydrogenation of quinoline at 80 ºC under 10 

bar of H2. In this work, Ru-Sn displayed the best performances of all tested catalysts.233 

Interestingly, RuNi/Al2O3 selectively hydrogenated only one of the two benzene rings pre-

sent on the dibenzo-18-crown-6 ether compound, using relatively drastic conditions, 120 ºC 

under  90 bar of H2 and microwaves. This behaviour was in contrast  with a RuPd catalyst 

also tested which hydrogenates both rings.234 
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Oxygen containing functional groups such as aldehydes,206and nitro- compounds,205 are also 

hydrogenated by using RuNi based catalysts. Nitrobenzene hydrogenation was performed 

on bimetallic NiRu-HT at 80 ºC and hydrazine as reducing agent (1 mL). Aniline was ob-

tained in higher yields and selectivity compared to the monometallic Ni catalyst.235 Nitro-

benzene was also hydrogenated on NiRu/MgAl bimetallic catalysts at 80 ºC using hydrazine 

hydrate as reducing agent, observing a full conversion of nitrobenzene with an 81 % of 

selectivity towards aniline without the use of solvent, in this case a synergy between metals 

was also observed in terms of activity.205 Furthermore, a bimetallic RuNi/Al2O3 was able to 

reduce selectively the nitro group of nitrostyrene, giving 4-aminostyrene as the major prod-

uct. This achievement was performed at 50 °C under 10 bar of H2 pressure; 4-aminostyrene 

was the main product obtained with Ni rich bimetallic catalysts and 4-aminoethylbenzene 

produced for Ru-rich catalysts.236 Concerning aldehydes, hydroxypropanal reduction to 

produce 1,3-propanediol was described over RuNi/SiO2 bimetallic catalyst at 80 ºC under 

20 bar of H2.206 RuNi bimetallic catalyst performed better than others, which was attributed 

to the effect of the introduction of Ru on the structure of the catalysts, decreasing the size 

of Ni particles and increasing the porosity.206 Furfural hydrogenation was studied on Ru-

Ni/Al2O3 bimetallic catalysts, using a temperature of 100 ºC and a pressure of 54 bar of H2, 

in water. Synergetic effects between metals were observed on activity, with almost complete 

selectivity to HF.237 

Highly oxygenated compounds, such as cellulose and sugars,238,239 have also been success-

fully transformed over RuNi catalysts. Hydrodeoxygenations, reaction which allows the 

elimination of oxygen from a given compound with hydrogen, of several substrates196,240 

have been achieved. These are promising results in order to apply this kind of bimetallic 

catalysts for the upgrading of highly oxygenated molecules from biomass. 

Lactose hydrogenation occurs on RuNiO/TiO2 bimetallic catalyst at 120 ºC under 55 bar of 

H2. Of all the catalysts compositions used, Ru5(NiO)5/TiO2 catalyst was the most active and 

selective to lactitol (99.4 %), displaying also better performance than its monometallic coun-

terparts in terms of activity and selectivity.241 

Cellulose229 and cellobiose242 were hydrogenated on RuNi bimetallic systems, RuNi/AC and 

RuNi/CNT, and NiRu/CNF, respectively, using harsh conditions. High selectivities to-

wards sorbitol (>70 %), were reached in the former catalytic system; while for the later 

polyols cellobitol and sorbitol were obtained with high selectivity, up to 84.5 %. In both 

cases, bimetallic systems were compared to the corresponding monometallic catalysts, per-

forming better than them. 
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Glucose hydrogenation occurs on Ru:Ni/MCM-48 bimetallic catalysts at 120 ºC using 25 

bar of H2, evidencing synergetic effects between metals as the catalysts with Ru/Ni ratios 

higher than 0.45 improve the activity of the monometallic homologues, apart of observing 

complete selectivity towards sorbitol.238 

RuNi/montmorillonate (MMT) bimetallic catalysts hydrogenated levulinic acid γ-

valerolactone, reaching 100 % selectivity in the case of the catalyst being composed by 0.5 

wt. % Ru and 5 wt. % Ni. The authors attributed to an electron transfer between metals.243 

NiRu/ZrO2 and NiRu/Al2O3 were also used as catalysts for this reaction, in this case using 

formic acid as hydrogen donor, and not H2. The support played a role in the outcome of 

the reaction, and NiRu/Al2O3 was the most active and obtaining also a 100 % selectivity 

towards γ-valerolactone.244 

Support effects were observed in the hydrodeoxygenation of phenol – at harsh reaction 

conditions, 320 ºC under 54 bar of H2- using bimetallic RuNi.  Al2O3, ZrO2 and TiO2 were 

used to support the metallic nanoparticles; Al2O3 based catalyst was the most active and 

selective to cyclohexane, while in TiO2 the catalysis was less active and was selective to-

wards cyclohexanol, which was attributed to  decrease of active sites in Ru/TiO2.196 Hydro-

deoxygenation of phenolic compounds, like guaiacol, and other lignin-oil compounds is 

observed on RuNi/SiO2-ZrO2 bimetallic catalysts at 260 ºC under  10 bar of H2, showing a 

high selectivity towards the hydrocarbons and a good performance of the bimetallic cata-

lysts, compared to the monometallic counterparts, ascribed to a better adsorption of 

guaiacol on the bimetallic surface.245 RuNi/HY240 and RuNi/HZSM-5194 were also active 

for this reaction using harsh conditions as well. RuNi supported on HY was more selective 

for the production of hydrocarbons, providing cyclohexane as major product. Using 

RuNi/HZSM-5 leads to a high selectivity towards phenol, while the aromatic ring remained 

intact. 

RuNi based catalysts are performant catalysts for the hydrogenolysis/depolymerisation of 

lignin and related model compounds. RuNi-AC/N,195 NiRu/Al2O3,246 RuNi/SBA-15,247 

NiRu/AC,207 and RuNi/Al-HY 248 displayed good activities for the C-O cleavage, as well as 

high selectivities towards the not fully hydrogenated products, as aromatic rings were not 

transformed. In addition to that, several Ru/Ni ratios were tested in some of these works, 

pointing to a synergy between metals at a given composition. Lignin hydrogenolysis on 

RuNi-AC/N bimetallic catalyst was performed at 230 ºC under 10 bar of H2; 1.5 %Ru-10 % 

Ni catalyst was the most active and selective towards aromatics and showing synergetic 

effects between metals.195 Hydrogenolysis of several lignin model compounds was also 

studied on Ni40Ru5/Al2O3 bimetallic catalysts at 120 ºC in isopropanol, reaching 100 % 
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conversion in the case of benzyl phenyl ether hydrogenolysis, obtaining toluene and cyclo-

hexanol as only products.246 Lignin depolymerisation on RuNi/SBA-15 bimetallic catalyst 

was achieved at harsh reaction conditions, 350 ºC under 30 bar of H2. Ru0.6Ni0.4 was the 

most active and selective catalyst to phenols, attributed to a strong bonding of the substrate 

on bimetallic surfaces was high.247 Depolymerisation of lignin on NiRu/AC catalysts was 

carried out at different temperatures and H2 pressures, observing in all cases the synergy 

between metals on the bimetallic as activities were higher than the observed while using  

monometallic catalysts.207 Lignin depolymerisation is also observed on RuNi/Al-HY bi-

metallic catalyst at 280 ºC under 10 bar of H2. Phenolic monomers such as hydrocarbyl 

guaiacol or hydrocarbyl phenols were selectively obtained while using a catalysts having a 

Ru2.5Ni10 composition.248 Lignin hydrogenolysis on RuNi/CTAB nanocatalysts at 95 ºC 

under 1 atm of H2 showed synergetic effects between Ru and Ni being Ru15Ni85 the most 

active and selective catalyst towards non-hydrogenated monomers.200 

RuNi based catalysts for hydrogenation reactions are an interesting alternative to Ru based 

catalysts as they offer comparable or higher performances than the later, due to the pres-

ence of the second, earth-abundant, metal. In addition to that, they are usually more stable 

and active than Ni based catalysts. If these are not per se reasons to explore further this kind 

of bimetallic systems, the use of an earth-abundant metal on the composition of the cata-

lysts, gives excellent perspectives in socio-economical terms, as its implementation fulfils 

some of the requirements to base a sustainable future. Particularly, the synergy observed 

between Ru and Ni in a plethora of works, in most cases attributed to charge transfer be-

tween metals, but also to H2 spillover events, which is sometimes correlated to the compo-

sition of the catalysts, opens the door to explore more this type of catalysts, as the composi-

tion is usually easily tuned. A less explored issue is the modulation of the catalytic properties 

by changing the structure of the bimetallic systems. In this sense, many works do not pro-

vide full characterisation to better understand the nanostructure of these RuNi based cata-

lysts. Even if all types of structures have been reported for RuNi nanoparticles, core-shell 

organization with Ni on the shell examples are very abundant on the literature. Finally, sup-

port and ligand effects have also been described to have an impact in the catalytic properties 

of these catalysts, thus, giving more opportunities to tune them. It is worth mentioning, that 

RuNi based catalysts are very efficient to cleave C-O bonds. This interesting property is of 

interest to transform biomass based molecules, as its high oxygen content must be lowered 

to be used as an alternative to the fossil fuel based technologies. Taking into consideration 

all these premises, the furfural hydrogenation/hydrogenolysis using Ru based catalysts al-

loyed with earth-abundant metals has been explored in this thesis. FF, a biomass derived 

compound, may be transformed under hydrogen and the presence of a catalyst, to a pleth-

ora of interesting compounds; thus highly selective processes are needed to avoid separa-
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tion issues. In order to tune the catalysts prepared here, the ratio between metals have been 

analysed, as well as ligand effects in the synthesis, thus structure and other properties de-

fined during the synthesis, and its catalytic performances impact. Chapter 2 is devoted to 

the synthesis and characterisation of bimetallic catalysts; followed by the Chapter 3 in which 

the catalytic applications of those systems are explored. In order to better understand the 

catalytic systems developed, theoretical calculations have been performed, which are de-

tailed in Chapter 4. These four chapters are thus dedicated to the main objectives of this 

work, the upgrade of biomass derived compounds with earth-abundant metal based cata-

lysts, from an experimental and theoretical point of view. Additionally, other directions 

have been explored, such as the application of RuNi compounds as catalysts for the hydro-

genation of quinoline, Chapter 3, or the deuteration reactions of several molecules using Ru 

based catalysts, work which was developed during a 3-month internship at Matthias Beller 

group in Germany, Chapter 5. To close the manuscript the main conclusions and the per-

spectives of this work are reviewed. 
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2.1 Introduction 

In 2021, the 77 % of the world energy was supplied from fossil fuels,1 and there is an urgent 

need to find renewable alternatives to them. Lignocellulosic biomass has appeared to be a 

promising alternative2,3 but, for its application in the industry to go towards the energy tran-

sition, high performing and cheap catalysts need to be discovered. 

In order to obtain competitive catalysts, earth abundant metals are targeted to be part of 

their composition, even if their usual drawback is that they need harsh reaction conditions, 

such as 200-400 bars of hydrogen (H2), in the catalytic reduction of amides to primary 

amines.4 On the other hand, noble metals such as Pt,5 Ru,6 Rh,7 Re8 and Ir9 are active at 

more mild conditions. An interesting alternative is to produce bimetallic systems in which 

earth-abundant and noble metals are combined, to integrate the low-cost and the efficiency 

of both kind of metals. Bimetallic and trimetallic, or even more, catalysts are promising, as 

their performance may be improved, in comparison to their monometallic counterparts, by 

the so-called synergetic effects.10–12 

With the aim to reduce platform molecules coming from lignocellulosic biomass we pro-

duced a series of bimetallic catalysts. Ru was chosen due to its effectiveness as catalysts for 

hydrogenation reactions,13–16 and also because it is one of the less expensive noble metals. 

Ru was combined to the earth abundant metals Ni and Cu.17–20 

The presence of both Ni and Ru in a material, conferees different electronic properties to 

the metals, as supported by X-ray photoelectron spectroscopy (XPS) analyses,21–23 even 

when a catalyst is a mixture of monometallic Ru and Ni nanoparticles (NPs).24,25 Ru has also 

been observed to be able to reduce, through hydrogen spillover, Ni2+.26,27 RuNi based cata-

lysts have been described in different types of structures such as homogeneous alloys,28,29 

core-shells with Ru30 or Ni31 in the core, or NPs’ surfaces rich on Ru or Ni;30 and synergetic 

effects have been reported. The presence of both Cu and Ru in the same catalyst has shown 

as well synergetic effects for applications in catalysis.32 RuCu based NPs have been de-

scribed in different types of structures such as face-centred cubic (fcc) alloy NPs33,34 By 

modifying the structure35 or the metal ratio29,30,32,34,36,37 of the bimetallic catalysts, their cata-

lytic activity may be tuned. 

The decomposition of organometallic complexes under H2 pressure in the presence of stabi-

lisers is a versatile tool for the synthesis of NPs.38 Some NPs’ properties can be modulated 

such as the size, the shape and the composition. The same synthetic methodology has been 

used for the formation of bimetallic NPs with interesting properties in catalysis.39,40 In this 
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methodology, the nature of the metal precursors can influence the different characteristics 

Moreover, the ligands, apart from acting as stabilisers to prevent the growth and 

the coalescence of the NPS, may also play a role in the formation of the NPs by interacting 

with the metal precursors,41,42 and later on in catalysis.43 

of bimetallic NPs, the stabiliser may affect the metal surface compositions. This 

is the case of RuPt NPs which, stabilised by polyvinylpyrrolidone (PVP), possess a core

but, when stabilised by a stronger coordinating ligand such diphenylphosphin

butane (dppb), results to Ru cores with disordered metal layers around, of both Ru and Pt, 

as diphoshpines have an affinity for both metals.45 

In the next sections, the synthesis and characterization of bimetallic RuNi and RuCu NPs is 

addressed. In the case of RuNi NPs several ligands have been used for their synthesis, PVP, 

a phosphine, and an organic acid, with the aim to study their effect on the NPs prop

The procedure has been extended to the synthesis of RuCu NPs. Finally, in view of the 

promising results of Cu/PVP NPs in catalysis (see Chapter 3), monometallic Cu NPs stab

lized with amines have been also synthesised. 

RuNi/PVP nanoparticles 

The synthesis of the RuNi/PVP NPs series was performed by decomposing the 

[Ni(η4-C8H12)2] complexes under 3 bar of H2 pressure

tetrahydrofuran (THF) as solvent (Scheme 1). All the e

 The reaction was carried out at room temperature (

were applied in order to produce RuNi NPs of different compositions, 

Monometallic Ru/PVP and Ni/PVP NPs were also synthesised

for comparison purposes. 

Scheme 1: Synthesis of RuNi/PVP NPs. 

The decomposition of [Ni(η4-C8H12)2] did not occur at RT, as the typical colour change 

to black was not observed after 16 h of reaction. From this result, i

Ni precursor needs higher temperature to be decomp

bimetallic NPs synthesised from [Ru(η4-C8H12)(η6-C

conducted at RT, displayed the expected characteristic colour change
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methodology, the nature of the metal precursors can influence the different characteristics 

acting as stabilisers to prevent the growth and 

the coalescence of the NPS, may also play a role in the formation of the NPs by interacting 

the metal surface compositions. This 

possess a core-shell 

but, when stabilised by a stronger coordinating ligand such diphenylphosphino-

around, of both Ru and Pt, 

In the next sections, the synthesis and characterization of bimetallic RuNi and RuCu NPs is 

addressed. In the case of RuNi NPs several ligands have been used for their synthesis, PVP, 

dy their effect on the NPs properties. 

The procedure has been extended to the synthesis of RuCu NPs. Finally, in view of the 

promising results of Cu/PVP NPs in catalysis (see Chapter 3), monometallic Cu NPs stabi-

The synthesis of the RuNi/PVP NPs series was performed by decomposing the [Ru(η4-

pressure, in the presence 

xperimental details 

room temperature (RT) and at 85 °C. 

RuNi NPs of different compositions, 

onometallic Ru/PVP and Ni/PVP NPs were also synthesised, using 

 

as the typical colour change 

From this result, it was 

Ni precursor needs higher temperature to be decomposed. In contrast, 

C8H10)] and [Ni(η4-

displayed the expected characteristic colour change 
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, from yellow to black in some minutes. The colour change observed for the b

reactions performed at RT pointed out that the presence of the Ru precursor, with a 

faster decomposition rate, triggered the decomposition of the Ni precursor, acting like a 

mediator for the formation of the bimetallic NPs. However, the high resolution transmi

microscopy (HRTEM) images of these RuNi NPs synthesised at 

that the sample was not homogeneous both in terms of size and composition

tions of NPs of different sizes were observed, of ca. 1.3 nm and 5.0 nm. Then, 

analyses performed on isolated NPs (Figure 2) evidenced that the l

ger NPs were composed of Ni while the smaller ones, of Ru. These results indicate that

RT did not allow the formation of bimetallic RuNi NPs but, instead, a mixture of 

tallic Ru NPs and Ni NPs. Taking into consideration that the desired materials 

should be homogeneous and bimetallic, no further characterisation was performed in this 

series, and the procedure, discarded. 

 

Colour change in a typical synthesis of RuNi/PVP NPs at RT

hydrogenation reaction, and right, after the reaction. 
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Figure 2: (a) High angle annular dark field (HAADF)-scanning transmission electron mi-

croscopy (STEM) image of Ru1Ni1/PVP NPs synthesised at RT together with the (b) EDX 

analysis of the squares 1 (top) and 2 (bottom). 

In a previous work from the group, [Ni(η4-C8H12)2] decomposition was achieved at 70 °C.46 

To ensure a good decomposition of the Ni precursor, thus, the synthesis reactions of the 

bimetallic and monometallic NPs were carried out at a higher temperature, being 85 ºC the 

chosen. When decomposing the [Ni(η4-C8H12)2] in the presence of PVP at 85 ºC, the typical 

change of colour was observed within minutes, indicating the formation of Ni/PVP NPs. 

Transmission electron microscopy (TEM) analyses of the sample displayed the presence of 

NPs with a 5.6 ± 1.2 nm size and a tripodal shape (Figure 3). A series of RuNi/PVP bi-

metallic NPs of different compositions and the monometallic Ru/NPs were synthesised, as 

well, at this temperature. Table 1 summarizes the metal content of each sample, along with 

the size of the NPs established from the TEM images (Figures 3 to 8). 

 

 

 



Chapter 2: Synthesis and characterisation of metallic nanoparticles
 ________________________________

 

Table 1: Metal content and mean size of 

NP 

Ru/PVP 

Ni/PVP 

Ru3Ni1/PVP 

Ru1Ni1/PVP 

Ru1Ni3/PVP 

Ru1Ni20/PVP 
aICP-OES analysis. bMean values of 

particles. CTripodal shaped 

Figure 3: TEM image of 

Figure 4: TEM image of 
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Metal content and mean size of RuNi/PVP NPs synthesised at 85

Ru 

content 

(%)a 

Ni 

content 

(%)a 

NP composition 

(from ICP-OES) 

24.2 - Ru/PVP 

- 15.5 Ni/PVP 

17.0 3.7 Ru2.7Ni1.0/PVP 

10.2 5.7 Ru1.0Ni1.0/PVP 

7.9 14.6 Ru1.0Ni3.2/PVP 

1.5 17.6 Ru1.0Ni20.0/PVP 

Mean values of NP size determined from TEM images by considering at least 200 

Tripodal shaped NPs. 

TEM image of the Ni/PVP NPs synthesised at 85 ºC (scale bar 100

with the respective size histogram. 

TEM image of the Ru1Ni20/PVP NPs synthesised at 85 ºC (scale bar 100

together with the respective size histogram. 

Chapter 2: Synthesis and characterisation of metallic nanoparticles 
_______________________________________  

synthesised at 85 ºC. 

NP Mean 

size (nm)b 

1.0 ± 0.2 

5.6 ± 1.2c 

1.5 ± 0.3 

1.5 ± 0.3 

1.2 ± 0.2 

1.4 ± 0.3 

size determined from TEM images by considering at least 200 

 
(scale bar 100 nm) together 

 
(scale bar 100 nm) 
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Figure 5: TEM image of 

Figure 6: TEM image of 

Figure 7: TEM image of

Chapter 2: Synthesis and characterisation of metallic nanoparticles
________________________________________________________________

88 

TEM image of the Ru1Ni3/PVP NPs synthesised at 85 ºC (scale bar 100

together with the respective size histogram. 

TEM image of the Ru1Ni1/PVP NPs synthesised at 85 ºC (scale bar 100

together with the respective size histogram. 

TEM image of the Ru3Ni1/PVP NPs synthesised at 85 ºC (scale bar 100

together with the respective size histogram. 
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(scale bar 100 nm) 

 
(scale bar 100 nm) 

 
(scale bar 100 nm) 
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Figure 8: TEM image of 

Figure 9: TEM images of Ru

NPs (top right, scale bar = 100 nm); HAADF

left, scale bar = 50 nm; bottom right scale bar = 10 nm).

In all the samples, the metallic mass percentages in weight were 

tios Ru/Ni were in agreement with the ratio of

Concerning the sizes, small bimetallic NPs of less than 2 nm were obtained. It is worth me

tioning that such a small size is observed for all Ru/Ni compositions, including the ones 
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TEM image of the Ru/PVP NPs synthesised at 85 ºC (scale bar 100

with the respective size histogram. 

TEM images of Ru1Ni20/PVP NPs (top left, scale bar = 100 nm) and

(top right, scale bar = 100 nm); HAADF-STEM images of Ru1Ni1/PVP 

left, scale bar = 50 nm; bottom right scale bar = 10 nm).

In all the samples, the metallic mass percentages in weight were ca. 20 % and the molar r

agreement with the ratio of the precursors introduced for the synthesis. 

Concerning the sizes, small bimetallic NPs of less than 2 nm were obtained. It is worth me

tioning that such a small size is observed for all Ru/Ni compositions, including the ones 
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(scale bar 100 nm) together 

 
(top left, scale bar = 100 nm) and Ni/PVP 

/PVP NPs (bottom 

left, scale bar = 50 nm; bottom right scale bar = 10 nm). 

% and the molar ra-

precursors introduced for the synthesis. 

Concerning the sizes, small bimetallic NPs of less than 2 nm were obtained. It is worth men-

tioning that such a small size is observed for all Ru/Ni compositions, including the ones 
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displaying high Ni content, Ru1Ni20/PVP. These results are in contrast with the size of the 

monometallic Ni NPs (5.6 ± 1.2 nm) synthesised following the same procedure. 

The differences in shape and size between the monometallic Ru NPs and the bimetallic 

RuNi NPs, related to the monometallic Ni ones, suggest that Ru may play the role of seed 

mediator and facilitate the decomposition of the Ni precursor, which could justify that at RT 

the Ni precursor decomposed in the presence of Ru. This hypothesis is also supported by 

previous observations from the literature stating that Ni2+ can be reduced by Ru due to a 

hydrogen spillover.26,27 This is in line with the decomposition kinetics of [Ni(η4-C8H12)2] and 

[Ru(η4-C8H12)(η6-C8H10)] under H2 as we have observed that the Ru one is the fastest. 

HAADF-STEM-EDX analyses on isolated NPs (Figure 10) show that Ru and Ni coexist in 

the NPs. The bimetallic NP lattices were analysed from HAADF-STEM images. Planes of 

0.277, 0.209 and 0.199 nm were observed that can be attributed to the shorter (100), (002) 

and (101) planes of hexagonal close-packed (hcp) Ru structure. The values observed are in 

agreement with the incorporation of a smaller atom into the structure, thus suggesting the 

formation of bimetallic RuNi systems. 
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Figure 10: (a)HAADF-STEM images of Ru1Ni1/PVP NPs synthesised at 85 °C; (b) EDX 

analysis of the isolated NPs in squares 1 (top) and 2 (bottom). 

Wide angle X-ray scattering (WAXS) analyses were performed on the series of PVP-

stabilized monometallic and bimetallic NPs for comparison purpose (Figure 11). For the 

RuNi systems, the WAXS results exposed a complex structure although in agreement with 

the formation of bimetallic NPs. The Ni/PVP spectrum agrees with bulk Ni fcc structure. 

Correspondingly, for the Ni-rich system, the Ru1Ni20/PVP structure is well dominated by 
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the fcc of metallic Ni in spite of

range, the situation is different.

structure,47 which is distorted for the sample synthesised at

Ru/PVP NPs synthesised at 

detected, at 0.2–0.5 nm range

intensity. This is in accordance

core–shell systems, the struc

erated amplitude of this pattern 

structured which cannot be unquestionably 

challenging as, from the 

β type organization often 

average bond length of 0.262 nm

respectively, suggests an alloy; 

the exact chemical order difficult to univocally assign

culations on bimetallic RuNi NPs are ongoing in order to 

about the structure (Chapter 

Figure 11: Diffractograms

Ni/PVP, Ru1Ni20/PVP, Ru

and at RT and the reference of Ru 
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in spite of a loss in crystallinity. At the other side of the composition 

nge, the situation is different. The Ru/PVP NPs synthesized at RT have the expected 

which is distorted for the sample synthesised at 85 °C, when compared to 

Ru/PVP NPs synthesised at RT.47 A concrete pattern of this distorted structure can also be 

0.5 nm range, for Ru3Ni1/PVP and Ru1Ni1/PVP samples

is in accordance with a core–shell organisation of the two metals, 

the structure prevailed is dominated by the core structure

of this pattern indicates the dilution by another component much less 

structured which cannot be unquestionably assigned. The case of Ru1Ni3/PVP

from the radial distribution function (RDF), it is more in agreement

organization often typical for very small metallic NPs.50–54 This sample

average bond length of 0.262 nm, which is in between Ni and Ru ones, 0.250 and 0.268 nm, 

an alloy; although Mn-β is not a compact organisation

al order difficult to univocally assign. Density functional theory (

culations on bimetallic RuNi NPs are ongoing in order to obtain complementary 

(Chapter 4). 

Diffractograms obtained by WAXS (top) from the top to the bottom 

/PVP, Ru1Ni3/PVP, Ru1Ni1/PVP, Ru3Ni1/PVP, Ru/PVP 

the reference of Ru hcp and Ni fcc structures; and related 
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of the composition 

have the expected hcp 

, when compared to 

structure can also be 

samples, with decreased 

organisation of the two metals, since for 

prevailed is dominated by the core structure.48,49 The mod-

component much less 

/PVP NPs is more 

more in agreement to a Mn-

sample, showing an 

between Ni and Ru ones, 0.250 and 0.268 nm, 

organisation which makes 

Density functional theory (DFT) cal-

complementary answers 

 
rom the top to the bottom of 

/PVP, Ru/PVP NPs at 85 ºC 

RDFs (bottom). 
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Ru/PVP, Ru1Ni1/PVP, Ni/PVP and PVP

high vacuum (UHV). The PVP sample was measured as a reference to compare between 

samples. In Figure 12 

survey and high-resolution scan spec

fitted peaks concentration in atomic percentage are 

Figure 12: a) XPS survey spectrum of Ru/PVP
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/PVP, Ni/PVP and PVP samples were analysed by ex situ

The PVP sample was measured as a reference to compare between 

 to 15, the fitting peaks for each component are 

resolution scan spectra. For the four samples, the binding energies and the 

fitted peaks concentration in atomic percentage are summarised in Table 2

a) XPS survey spectrum of Ru/PVP NPs; and high-resolution scan spectra of b) 

C 1s and Ru 3d, c) N 1s, and d) O 1s. 

Chapter 2: Synthesis and characterisation of metallic nanoparticles 
_______________________________________  

ex situ XPS under ultra-

The PVP sample was measured as a reference to compare between 

are displayed with the 

samples, the binding energies and the 

Table 2. 

 
resolution scan spectra of b) 
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Figure 13: a) XPS survey spectrum of Ru

of b) C 1s and Ru 3d, c) Ni 2p, d) N 1s, and e) O 1s.
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a) XPS survey spectrum of Ru1Ni1/PVP NPs; and high-resolution scan spectra 

of b) C 1s and Ru 3d, c) Ni 2p, d) N 1s, and e) O 1s. 
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resolution scan spectra 
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Figure 14: a) XPS survey spectrum of Ni/PVP
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a) XPS survey spectrum of Ni/PVP NPs; and high-resolution scan spectra of b) 

Ni 2p, d) C 1s, d) N 1s, and e) O 1s. 
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resolution scan spectra of b) 
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Figure 15: a) XPS survey spectrum of PVP; and high
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a) XPS survey spectrum of PVP; and high-resolution scan spectra of b) C 1s, c) 

N 1s, and d) O 1s. 
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resolution scan spectra of b) C 1s, c) 
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Table 2: XPS Binding energies and atomic % of C, Ru, O and N elements found for 

Ru/PVP, Ru1Ni1/PVP, Ni/PVP, and PVP NPs. 

 Ru/PVP Ru1Ni1/PVP Ni/PVP PVP 

 
Binding 

energy (eV) 

Atomic 

% 

Binding 

energy (eV) 

Atomic 

% 

Binding 

energy 

(eV) 

Atomic % 

Binding 

energy 

(eV) 

Atomic 

% 

Ru3d5/2  Ru 

metal 
279.5 0.2 279.7 0.3 - - - - 

Ru3d5/2 

RuOx 
280.6 0.1 280.6 0.2 - - - - 

Ru3d5/2 

Rusat 
282.6 0.1 282.6 0.2 - - - - 

Ru3d3/2 

Ru metal 
283.7 0.1 283.8 0.2 - - - - 

Ru3d3/2 

RuOx 
284.7 0.1 284.7 0.1 - - - - 

C1s 

C-C, C-H 
284.8 50.5 284.9 46.3 284.9 54.8 284.9 51.8 

C1s 

C-N, C-O 
286.0 11.8 286.0 15.9 286.2 9.1 286.0 10.4 

Ru3d3/2 

Ru sat 
286.8 0<0.1 286.8 <0.1 - - - - 

C1s 

C=O 
287.3 8.2 287.5 9.8 287.4 5.0 287.4 10.4 

C 1s 

O=C-O 
288.7 3.3 288.6 2.1 288.8 4.3 288.7 1.3 

N 1s 

C-N-C=O 
399.6 7.1 399.6 9.3 399.7 4.2 399.6 9.7 

O 1s 531.9 18.5 531.1 14.8 532.2 22.5 531.5 16.4 

Ni 2p3/2 

Ni metal 
- - 852.4 0.1 852.3 <0.1 - - 

Ni 2p3/2 

NiOx/Ni(OH) 
- - around855.1 0.8 

around 

855.0 
<0.1 - - 

The XPS spectrum of PVP is in accordance with its composition. The XPS spectra of 

Ru/PVP, Ni/PVP and Ru1Ni1/PVP (Figures 12 to 14, respectively) are close to the one 

obtained for PVP (Figure 15), with supplementary peaks from the corresponding metals. 

The intensity of the metallic peaks is low, which makes the fitting difficult, because there is 

an excess of PVP in the NP compared to the metallic compounds. However, analysing both 

monometallic samples and bimetallic Ru1Ni1/PVP it can be observed that, concerning Ru, 

Ru 3d5/2 have minimally higher binding energies in the bimetallic sample, 279.7 eV against 

279.5 eV. The Ni 2p3/2 band of Ru1Ni1/PVP and Ni/PVP displayed different chemical envi-

ronments. The Ni 2p3/2 peak at higher binding energy, ca. 855 eV, agrees with an 

oxi(hydroxi)dation of the top surface. The other Ni 2p3/2 signals at 852.5 eV and 852.3 eV 

show the existence of Ni metal, in bimetallic and monometallic environments respectively. 
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Due to the low intensity of the Ru and Ni signals, corroborate any transfer of charge be-

tween the two metals and its direction is complex. Nevertheless, the variation on binding 

energies can be provisionally ascribed to Ru and Ni being in close vicinity in the bimetallic 

Ru1Ni1/PVP sample, thus corroborating further the bimetallic nature of the samples. 

Attenuated total reflection infrared (ATR-FTIR) measurements were performed for all the 

synthesised nanomaterials inside a glovebox under argon; the spectra are displayed in Figure 

16. In these spectra, the signals from the stabiliser, PVP, are observed (C-H stretching ca. 

3000 cm-1, C=O stretching ca. 1700 cm-1 and C-N stretching between 1500  and 1250 cm-1), 

which confirms that the polymer is stable under the reaction conditions. These results are 

supported also by the ones observed in the literature which state that PVP is a stable poly-

mer at least until 200 ºC.55 Moreover, if metallic oxides were present on the surface of the 

NPs, this would be identified by the C=O stretching band, which are really sensitive to crys-

tallographic changes or any variation on the metallic surface.56 Carbon monoxide (CO) ad-

sorption is known to give useful information on the NP surface state, being the CO band a 

vibrational probe.57 Metallic centres with more electron density are present νCO adsorption 

bands of lower energy. By studying CO frequencies, the effect of a ligand on a specific me-

tallic surface58,59 or, in bimetallic NPs, the chemical order39,44,45can be determined. For this 

purpose, the nanomaterials in the solid state (SS) were exposed to 1 bar of CO at RT (Figure 

17). A characteristic CO band was visible at 2010 cm-1 in samples with high Ru content. For 

Ni/PVP, Ru1Ni20/PVP and Ru1Ni3/PVP this band was not observed. For these Ni-rich 

samples, we hypothesised the formation of [Ni(CO)4] when exposed to CO, but as this spe-

cie is volatile, it can only be observed at low temperature.60 The lack of CO signal for 

Ru1Ni3/PVP and Ru1Ni20/PVP samples suggests that Ru is not available for the CO adsorp-

tion. This may be explained by the presence of Ni on the NP surface which is in agreement 

with the core-shell structure, with Ru located in the core, as ascertained by WAXS analyses. 
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Figure 16: ATR-IR spectra of RuNi/PVP 

Figure 17: ATR-IR spectra of RuNi/PVP 

Ru and Ni 

The PVP-stabilized NPs were also characterized by 

emission spectroscopy (
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IR spectra of RuNi/PVP NPs in comparison with those of 

Ru and Ni NPs, and that of PVP. 

IR spectra of RuNi/PVP NPs in comparison with those of 

Ru and Ni NPs after CO exposure (1 bar, RT). 

stabilized NPs were also characterized by inductively coupled plasma 

emission spectroscopy (ICP-OES) in order to determine the content in metals (Table 
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those of monometallic 

 
those of monometallic 

inductively coupled plasma - optical 

in metals (Table 1). 
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From the mean sizes of the NPs determined by TEM and the metallic content from ICP-

OES, an estimation of the Ni coverage of the NPs surface was made, assuming a spherical 

shape for all the NPs.  

First, from the size of the NPs determined from TEM images, the volume of the core, the 

shell and the entire NP were calculated with equations 1-3, being r, the radius of the NP and 

the shell thickness is assumed as the half of the lattice constant, being 0.214 nm for Ru and 

0.176 nm for Ni. 

Vtotal=
4

3
π(r)3      (1) 

Vcore=
4

3
π൫r-shell thickness൯

3
    (2) 

Vshell=Vtotal-Vcore     (3) 

Secondly, the volume of a single unit cell (equation 4) was calculated by using the lattice 

parameters,61,62 and knowing that in a hcp, 6 atoms and in a fcc, 4 atoms are present in the 

unit cell. 

Vunit=(atoms per unit cell)
a2√3

4
c    (4) 

Following, the unit cells present in the core, the shell and the entire NP were calculated by 

dividing the volumes from equations 1, 2 and 3 by the one from equation 4(equations 5, 7 

and 9). From the obtained results, the number of atoms present in the entire NP, the core 

and the shell could be calculated (equations 6, 8 and 10). 

Unit cellstotal=
Vtotal

Vunit
     (5) 

Atomstotal=(Unit cellstotal)·(Atoms per unit cell)   (6) 

Unit cellscore=
Vcore

Vunit
     (7) 

Atomscore=(Unit cellscore)·(Atoms per unit cell)   (8) 

Unit cellsshell=
Vshell

Vunit
     (9) 

Atomsshell=(Unit cellsshell)·(Atoms per unit cell)   (10) 
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By dividing the results from equations 10 and 6, the estimated percentage of atoms on the 

surface was calculated by equation 11. 

% surface atoms=
Atomsshell

Atomstotal
·100     (11) 

Then, from the ICP-OES results, the molar ratio of each metal in a bimetallic NP was de-

termined by dividing the mass percentage from ICP-OES by the molar mass of the element 

(equation 12) and rationalising them (equation 13).  

mols of metal =
Mass percentagemetal

Molar massmetal
     (12) 

molar ratiometal =
molsmetal

∑molsmetals
     (13) 

Once knowing the molar ratio of the two metals in the bimetallic NP, and the total number 

of atoms present in the entire NP (equation 6), the number of atoms of each metal could be 

calculated (equation 14). 

Atomsmetal=(Atomstotal )·(molar ratiometal)   (14) 

As it is known from the WAXS analysis that the synthesised bimetallic NPs have a core-shell 

organisation, with Ru located in the core, the atoms in the core calculated with the equation 

8 are all Ru. The rest of Ru atoms are considered to be on the surface. On this basis, the Ni 

percentage coverage can be calculated with equation 15. 

% Ni surface coverage =
Estimated atoms of Ni in a NP

Estimated surface atoms
·100   (15) 

Following the series of calculations above, the estimated Ni percentage coverage of the NPs 

Ru3Ni1/PVP ≈ 43 %, Ru1Ni1/PVP ≈ 77 % and for Ru1Ni3/PVP a completed shell of Ni is 

expected (Table 3). The estimation above is in agreement with the results observed in IR 

spectra, with the ones from catalysis discussed in Chapter 3, as well as the ones from DFT 

discussed in Chapter 4. 
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Table 3: Estimation of Ni coverage on RuNi/PVP NPs. 

NP 

NP compo-

sition 

(from ICP-

OES)a 

Mean size 

(nm)b 

Esti-

mated 

total 

atoms 

on the 

NPc 

Esti-

mated 

atoms 

on the 

corec 

Esti-

mated 

atoms 

on the 

surfacec 

Esti-

mated 

atoms 

surface 

(%)c 

Esti-

mated 

number 

of Ru 

atoms in 

a NPd 

Esti-

mated 

number 

of Ni 

atoms in 

a NPd 

Esti-

mated 

surface 

coverage 

of Ni 

(%)e 

Ru/PVP Ru/PVP 1.1 ± 0.2 51 11 40 77 51 0 0 

Ru3Ni1/

PVP 

Ru2.7Ni1.0/P

VP 
1.5 ± 0.3 130 47 83 63 94 36 ≈43 

Ru1Ni1/

PVP 

Ru1.0Ni1.0/P

VP 
1.5 ± 0.3 130 47 83 63 66 64 ≈77 

Ru1Ni3/

PVP 

Ru1.0Ni3.2/P

VP 
1.2 ± 0.2 82 29 53 65 26 62 ≈116 

Ru1Ni20/

PVP 

Ru1.0Ni20.0/

PVP 
1.4 ± 0.3 131 55 76 58 6 125 >2 shell 

aICP-OES analysis. bMean values of NP size determined from TEM images by considering at least 200 particles. 

C High Ru loaded NP (Ru/PVP, Ru3Ni1/PVP, and Ru1Ni1/PVP) were calculated as follows: the number of Ru 

atoms in hcp cell (N) is 6. Ru atom radius (RRu) 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 on the shell of NP: Vshell = Vtotal – Vcore = 4/3πRNP3- 4/3π（RNP- 

RRu)3, Vtotal meaning the volume of one Ru NP, Vcore presenting the volume of NP excluded the one outer layer 

of atoms. The numbers of metal atoms on the shell Nshell= N*Vshell/0.0817. The number of total Ru atoms Ntotal 

= N*Vtotal/0.0817. The percentage of Ru atoms on the surface of NP = Nshell/ Ntotal*100 %. High Ni loaded NP 

(Ru1Ni3/PVP and Ru1Ni20/PVP) were calculated as follows: the number of Ni atoms in fcc cell (N) is 4. Ni atom 

radius (RNi) is 0.176 nm. The volume of Ni cell is 0.0438nm3. RNP represents the radius of NP. The volume of all 

Ru atoms on the shell of NP: Vshell = Vtotal – Vcore = 4/3πRNP3- 4/3π（RNP- RNi)3, Vtotal meaning the volume of 

one Ni NP, Vcore presenting the volume of NP excluded the one outer layer of atoms. The numbers of Ni atoms 

on the shell Nshell= N*Vshell/0.0438. The number of total Ni atoms Ntotal = N*Vtotal/0.0438. The percentage of 

metal atoms on the surface of NP = Nshell/ Ntotal*100 %.dEstimated total atoms on the NP*metallic content (in 

mol). eEstimated number of Ni atoms in a NP/Estimated atoms on the surface*100. 

As the syntheses of the nanomaterials are performed under H2 pressure, adsorption of hy-

drides on the surface of the NPs occurs. These adsorbed hydrides have a role in the stabili-

sation and the growing of the NPs, and after, in catalysis, it can be determined experimen-

tally.38 Following a slightly modified methodology compared to that previously described in 

the group,47 as detailed in Chapter 6 and summarised in Scheme 2, the number of hydrides 

per surface metal atom was determined on the series of RuNi/PVP NPs, and the corre-

sponding monometallic species. The different H/Msurface ratios of the RuNi/PVP are sum-

marised in Table 4. It can be observed that all Ru containing NPs have a H/Msurface ratio 

higher than one, and a volcano shape tendency is observed when correlating this value to 

the composition, which is centred at Ru3Ni1/PVP.  
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Scheme 2: Method applied for the quantification of surface hydrides on RuNi/PVP NPs. 

Table 4: H/Msurface ratios of the RuNi/PVP NPs. 

NP H/Msurfacea 

Ru/PVP 1.3 ± 0.2 

Ru3Ni1/PVP 1.8 ± 0.1 

Ru1Ni1/PVP 1.6 ± 0.2 

Ru1Ni3/PVP 1.1 ± 0.4 

Ni/PVP 0.9 ± 0.1 

aAverage H/Msurface ratio obtained from 2 experiments. 

Magnetic properties of the materials were measured by superconducting quantum interface 

device (SQUID) magnetometry. Figure 18 provides the magnetic hysteresis cycles obtained 

for monometallic Ni and bimetallic RuNi NPs, recorded at RT and corrected of the diamag-

netic contribution of PVP. Tripodal shaped Ni/PVP NPs displayed a clear ferromagnetic 

behaviour with 32.4 emu·gNi-1 of magnetic saturation (Ms). The Ms observed is low com-

pared to that of a bulk Ni (Ms = 54.4 emu·gNi−1).63 As it is known that the Ms of Ni NPs 

depends on the NP size,64 the size of 5.6 ± 1.2 nm could explain the low value here ob-

served. However, the hypothesis that the loss of magnetism is due to the presence of small 

amounts of oxidised Ni at the surface cannot be discarded. Ru1Ni20/PVP sample, containing 

a high Ni amount and sized 1.4 ± 0.3 nm, displays a curve typical of a paramagnetic mate-

rial. Ru3Ni1/PVP, Ru1Ni1/PVP, and Ru1Ni3/PVP, samples with an elevated Ru content, 

display a clear diamagnetic behaviour. Magnetisation is thus drastically decreased even when 

adding a small amount of Ru to Ni in our samples. This is in agreement with previous ob-

servations,65,66 and further confirms the incorporation of Ru on the Ni structure. 



Chapter 2: Synthesis and characterisation of metallic nanoparticles
 ________________________________

 

Figure 18: Magnetic hysteresis cycles of bimetallic and monometallic 

measured at 

As conclusions of this part of Chapter 2, the importance of the reaction temperature for the 

successful decomposition of the Ni metallic precursor for the formation of bimetallic 

RuNi/PVP NPs was discussed

size, even the ones with a higher Ni amount in their composition, having 

ture being Ru in the core. The small shifts in XPS analyses and the drastic decrease of ma

netisation when adding a small amount of Ru to Ni evidenced the presence of both Ru and 

Ni close in vicinity, in the same structure, certifying the success on the synthesis of the b

metallic RuNi NPs. The objective of this synthetic process was to use these synthesise

as catalysts for hydrogenation reactions of FF and QN, 

2.3 Synthesis of RuNi/PPh

Ru and Ni are known to be

alloyed RuNi using PVP as stabiliser led to core

literature.67–69 With the aim to obtain alloyed RuNi NPs, 

considered for the synthetic methodology

ligand of choice was the commercially available

ing a short distance between the donor ligands 

electron-donating atoms: P and N. 

of heterobimetallic complexes
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Magnetic hysteresis cycles of bimetallic and monometallic PVP

measured at RT corrected of the diamagnetic contribution of PVP

this part of Chapter 2, the importance of the reaction temperature for the 

successful decomposition of the Ni metallic precursor for the formation of bimetallic 

RuNi/PVP NPs was discussed. These synthesised bimetallic NPs were all of less than 2 nm

, even the ones with a higher Ni amount in their composition, having 

ture being Ru in the core. The small shifts in XPS analyses and the drastic decrease of ma

hen adding a small amount of Ru to Ni evidenced the presence of both Ru and 

Ni close in vicinity, in the same structure, certifying the success on the synthesis of the b

metallic RuNi NPs. The objective of this synthetic process was to use these synthesise

as catalysts for hydrogenation reactions of FF and QN, which is discussed in Chapter 3.

Synthesis of RuNi/PPh2Py nanoparticles 

to be immiscible metals in the bulk.17,18 Our first attempt to synthesise 

alloyed RuNi using PVP as stabiliser led to core-shell NPs, as many examples found in the 

With the aim to obtain alloyed RuNi NPs, the use of a directing ligand

the synthetic methodology, in order to place both metals in proximity

the commercially available diphenylphosphinopyridine

ing a short distance between the donor ligands present in the molecule and two different 

donating atoms: P and N. This strategy has already been described for the synthesis 

of heterobimetallic complexes.70–73 
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PVP-stabilised NPs 

corrected of the diamagnetic contribution of PVP. 

this part of Chapter 2, the importance of the reaction temperature for the 

successful decomposition of the Ni metallic precursor for the formation of bimetallic 

. These synthesised bimetallic NPs were all of less than 2 nm 

, even the ones with a higher Ni amount in their composition, having a core-shell struc-

ture being Ru in the core. The small shifts in XPS analyses and the drastic decrease of mag-

hen adding a small amount of Ru to Ni evidenced the presence of both Ru and 

Ni close in vicinity, in the same structure, certifying the success on the synthesis of the bi-

metallic RuNi NPs. The objective of this synthetic process was to use these synthesised NPs 

discussed in Chapter 3. 

attempt to synthesise 

xamples found in the 

a directing ligand was 

place both metals in proximity. The 

iphenylphosphinopyridine (PPh2Py), hav-

cule and two different 

described for the synthesis 
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Two different methodologies have been explored to synthesise RuNi NPs using PPh2Py as 

directing and stabilising ligand. The first method consists in the decomposition of a pre-

formed Ru or Ni complex containing the target phosphine ligand, [Ru(η4-C8H12)(κ2-

PPh2Py)(PPh2Py)] or [Ni(η4-C8H12)(PPh2Py)2], in the presence of [Ni(η4-C8H12)2] or [Ru(η4-

C8H12)(η6-C8H10)], respectively, as the source of the second metal. RuPNi/PPh2Py and 

RuNiP/PPh2Py correspond to the nomenclatures used for the bimetallic RuNi NPs synthe-

sised from the PPh2Py-containing Ru and Ni complexes respectively. The second method is 

the simultaneous decomposition of [Ru(η4-C8H12)(η6-C8H10)] and [Ni(η4-C8H12)2] in the 

presence of the phosphine ligand, RuNi/PPh2Py. For comparative purposes, monometallic 

Ru and Ni NPs have also been synthesised in the presence of PPh2Py as stabiliser.  

[Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4-C8H12)(PPh2Py)2] complexes were first syn-

thesised. [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] synthetic procedure consisted in the addition 

of a slight excess of PPh2Py (2.1 molar equivalents (eq.)) to a pale yellow solution of [Ru(η4-

C8H12)(η6-C8H10)] dissolved in dry acetone under argon (Scheme 3). After six hours of reac-

tion at RT, the pale yellow solution turned brown. The dark brown solid obtained after 

evaporation of the solvent was washed three times with pentane and dried under vacuum 

(83 % yield). The 31P{1H} NMR spectrum of this Ru complex in THF-d8 showed a high-

field shifted singlet at δ -22.5 ppm, which is characteristic of the chelating bidentate κ2P,N 

coordination mode of the Ph2PPy ligand,74–78 and a singlet at δ 46.8 ppm attributed to a 

second Ph2PPy ligand coordinated in a monodentate mode to the Ru centre (Figure 19). The 

1HNMR spectrum showed characteristic peaks of the coordinated cyclooctadiene, in the 

range of 0.5-3.5 ppm,59 and a set of multiplets in the range of 6.5-8.5 ppm characteristic of 

the aryl rings of the phosphine ligand. Crystals were grown from a saturated solution of 

[Ru(η4-C8H12)(PPh2Py)(κ2-PPh2Py)] in diethyl ether (Et2O) but, unfortunately, they were 

unsuitable for X-Ray diffraction analysis. 

 

Scheme 3: Synthesis of [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] complex. 
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Monodentate
PPh2Py

Chelating
bidentate
PPh2Py

 
Figure 19: 31P{1H} NMR in THF-d8 of [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)]. 

The [Ni(η4-C8H12)(PPh2Py)2] complex was synthesised by the addition of a slight excess of 

PPh2Py (2.1 molar eq.) to a pale yellow solution of [Ni(η4-C8H12)2] in dry Et2O under argon, 

following a slightly modified procedure described elsewhere (Scheme 4).79 A bright orange 

solid precipitated after some seconds of stirring. The suspension was stirred for two addi-

tional hours, the solvent was discarded and the orange solid washed twice with Et2O, and 

finally dried under reduced pressure (86 % of yield). The 31P {1H} NMR spectrum of the 

[Ni(η4- C8H12)(PPh2Py)2] in THF-d8 displays the expected singlet peak of the coordinated 

phosphine in a monodentate mode at 36.7 ppm (Figure 20). Experimental details are given 

in Chapter 6. 

 

Scheme 4: Synthesis of [Ni(η4-C8H12)(PPh2Py)2] complex. 
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Monodentate
PPh2Py

 
Figure 20: 31P {1H} NMR in THF-d8 of [Ni(η4-C8H12)(PPh2Py)2]. 

Having the [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4-C8H12)(PPh2Py)2] complexes in 

hand, two sets of reactions were carried out in order to synthesise bimetallic RuNi NPs. 

First, the simultaneous decomposition of [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4-

C8H12)2] complexes was carried out under 3 bar of H2 pressure in THF as solvent (Scheme 

5). The reaction of synthesis of RuPNi/PPh2Py was carried out at 85 °C and using a Ru/Ni 

molar ratio = 1 as detailed in Table 4. All the experimental details are given in Chapter 6. 

 

Scheme 5: Synthesis of RuPNi/PPh2Py NPs from [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and 

[Ni(η4-C8H12)2]. 

Following a similar procedure, RuNiP/PPh2Py NPs were also synthesised by the co-

decomposition of [Ru(η4-C8H12)(η6-C8H10)] and [Ni(η4-C8H12)(PPh2Py)2] complexes under 3 

bar of H2 pressure in THF as solvent (Scheme 6). The reaction was carried out at 85 °C 

using a Ru/Ni molar ratio = 1 as detailed in Table 4. All the experimental details are given in 

Chapter 6. 

 

Scheme 6: Synthesis of RuNiP/PPh2Py NPs from [Ni(η4-C8H12)(PPh2Py)2] and [Ru(η4-

C8H12)(η6-C8H10)]. 
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Finally, RuNi/PPh2Py NPs 

C8H10)] and [Ni(η4-C8H

ligand (0.2 molar eq.) in

using a Ru/Ni molar ratio

Chapter 6.  

Scheme 7: Synthesis of RuNi/PPh

The monometallic Ru/PPh

procedure, with the aim of comparison.

plexes were decomposed under 3 bar of H

molar eq.) in THF as solvent

these reactions from orange (

can be observed on Figure 2

Scheme 8: Synthesis of Ru/PPh

Scheme 

Figure 21: Colour change in a typical

the hydrogenation reac

Table 5 summarizes the mean size ascertained from TEM images of the synthesised mater

als containing PPh2Py together with the
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Py NPs were synthesised by the co-decomposition of 

H12)2] complexes under 3 bar of H2 pressure in the presence

in THF as solvent (Scheme 7). The reaction was carried out at 85

ratio = 1 as detailed in Table 4. All the experimental details are given in 

Synthesis of RuNi/PPh2Py NPs by co-decomposition of [Ru(η

C8H10)] or [Ni(η4- C8H12)2]. 

The monometallic Ru/PPh2Py and Ni/PPh2Py NPs were also synthesised using the same 

with the aim of comparison. [Ru(η4-C8H12)(η6-C8H10)] or [Ni(η

plexes were decomposed under 3 bar of H2 pressure in the presence of PPh

THF as solvent at 85 ºC (Scheme 8 and 9). The colour change 

from orange (monometallic Ni) and pale orange (monometallic 

Figure 21. Experimental details are given in Chapter 6

Synthesis of Ru/PPh2Py NPs from [Ru(η4-C8H12)(η6

Scheme 9: Synthesis of Ni/PPh2Py NPs from [Ni(η4- C8H12

change in a typical synthesis of RuNi/PPh2Py NPs at 85

the hydrogenation reaction, and right, after the reaction.

summarizes the mean size ascertained from TEM images of the synthesised mater

Py together with the metallic content obtained by ICP
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ecomposition of [Ru(η4-C8H12)(η6-

pressure in the presence of PPh2Py 

). The reaction was carried out at 85 °C 

xperimental details are given in 

 

decomposition of [Ru(η4-C8H12)(η6-

Py NPs were also synthesised using the same 

)] or [Ni(η4- C8H12)2] com-

pressure in the presence of PPh2Py ligand  (0.2 

The colour change observed for 

(monometallic Ru) to black 

6. 

 

6-C8H10)]. 

 

12)2]. 

 
at 85 ºC; left, before 

after the reaction. 

summarizes the mean size ascertained from TEM images of the synthesised materi-

ICP-OES analyses. All 
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the synthesised NPs were small (

RuNi/PVP NPs, which would be suitable for comparison purposes. 

Table 5: Metal content and mean size of 

NP 

Ru 

content

(%)a

Ru/PPh2Py 81.8 

RuPNi/PPh2Py 19.8 

Ru1Ni1/PPh2Py 51.2 

RuNiP/PPh2Py 19.3 

Ni/PPh2Py - 

aICP-OES analysis. bMean values of 

The Ru and Ni content 

position from the introduced mat

RuPNi/PPh2Py and RuNiP/PPh

was present in the reaction media

method, the total metal content was

five times less of ligand 

centages obtained experimental

the materials introduced in the synthesis

0.4 to 1.6. 

Figure 22: TEM image of Ru/PPh
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the synthesised NPs were small (≤ 2 nm) (Figure 22 to 26), similar to the 

RuNi/PVP NPs, which would be suitable for comparison purposes.  

Metal content and mean size of RuNi/ PPh2Py NPs synthesised 

 

content 

a 

Ni 

content 

(%)a 

P 

content 

(%)a 

NP composition 

(from ICP-OES) 

 

P/Msurface

ratio

 - 7.3 Ru/PPh2Py0.3 0.4 

 13.4 14.8 Ru1.0Ni1.2/PPh2Py1.1 1.6 

 32.7 7.4 Ru1.0 Ni1.0/PPh2Py0.2 0.5 

 13.0 10.8 Ru1.0Ni1.2/PPh2Py0.8 1.1 

 65.8 7.9 Ni/PPh2Py0.2 0.5 

Mean values of NP size determined from TEM images by considering at least 200 particles.

he Ru and Ni content determined by ICP-OES are in agreement with the expected co

from the introduced materials, i.e. a molar Ru/Ni ratio of 1. In the case of 

and RuNiP/PPh2Py, the total metal content was low, as more phosphine 

n the reaction media (1 eq. per metal). In contrast, with the other synthesis

method, the total metal content was higher, as a ratio ligand/metal of 0.2 was used

ligand eq. than when using the first synthesis method. The

obtained experimentally by ICP-OES are also in agreement with the expected from 

the materials introduced in the synthesis. The ratios P/Msurface (Table 5) were in the 

TEM image of Ru/PPh2Py NPs (scale bar 50 nm) together with the respective 

size histogram. 
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 previous described 

synthesised at 85 ºC. 

surface 

ratio 

Mean size 

(nm)b 

 1.4 ± 0.2 

 1.3 ± 0.3 

 2.1 ± 0.6 

 1.1 ± 0.2 

 2.0 ± 0.4 

size determined from TEM images by considering at least 200 particles. 

in agreement with the expected com-

a molar Ru/Ni ratio of 1. In the case of 

as more phosphine 

with the other synthesis 

a ratio ligand/metal of 0.2 was used, having 

The P content per-

are also in agreement with the expected from 

) were in the range of 

 
nm) together with the respective 
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Figure 23: TEM image of Ru

C8H12)(PPh

Figure 24: TEM image of RuNi/PPh

Figure 25: TEM image of RuNi

C8H12)(PPh
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TEM image of RuPNi/PPh2Py NPs (scale bar 50 nm) synthesised from 

)(PPh2Py)2] together with the respective size histogram.

TEM image of RuNi/PPh2Py NPs (scale bar 50 nm) together with the respective 

size histogram. 

TEM image of RuNiP/PPh2Py NPs (scale bar 50 nm) synthesised from 

)(PPh2Py)2] together with the respective size histogram.
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ynthesised from [Ru(η4-

the respective size histogram. 

 
0 nm) together with the respective 

 
ynthesised from [Ni(η4-

together with the respective size histogram. 
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Figure 26: TEM image of Ni/PPh

WAXS analyses, performed for 

exposed a complex situation although in 

As with PVP, the presence of two or more phases

the extraction of structural information

some evidences like specific

metallic bond-length. The Ru/PPh

Ru hcp. Ni/PPh2Py NPs

characteristics of a Mn

peak for fcc systems at 0.38 nm is not observed

pected for a fcc structure

In the case of RuNi/PPh

at different radius of the NP

sembles the metallic Ru

of organisation, the RDF is always dominated by the structure of the core.

loss of compact structure is also observed 

correspond to an intermediate structure such as an alloy, even if the dis

shorter. But, as the structure is distorted, WAXS analysis 

neither this possibility nor

tances are too short to consider it like an alloy, we 

RuNi/PPh2Py NPs as core
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TEM image of Ni/PPh2Py NPs (scale bar 200 nm) together with the respective 

size histogram. 

, performed for Ru/PPh2Py, RuNi/PPh2Py and Ni/PPh

exposed a complex situation although in concordance with the formation of bimetallic NPs. 

he presence of two or more phases (Ru and/or Ni and PPh

the extraction of structural information being the crystallinity low. However

specific patterns, particularly in real space, and important 

The Ru/PPh2Py sample (Figure 27 (a), top) is in agreement with bulk 

Py NPs (Figure 27 (a), bottom) fits with a Ni fcc structure, 

a Mn-β organisation. For instance, in the RDF (Figure 

systems at 0.38 nm is not observed but the size of the NPs is closer

ure. This result points to a mixture between fcc and Mn

In the case of RuNi/PPh2Py, a different situation, much more complex, occurs. Regard

at different radius of the NP (Figure 27 (b)), the bimetallic RuNi/PPh2Py

metallic Ru. This result is in agreement to a core-shell structure

of organisation, the RDF is always dominated by the structure of the core.

ure is also observed resembling a little to a Mn-β structure

an intermediate structure such as an alloy, even if the dis

ut, as the structure is distorted, WAXS analysis does not allow by itself

neither this possibility nor the production of a mixture of monometallic NPs

tances are too short to consider it like an alloy, we consider the structure of the bimetallic 

Py NPs as core-shell. 
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(scale bar 200 nm) together with the respective 

PPh2Py, (Figure 27) 

with the formation of bimetallic NPs. 

(Ru and/or Ni and PPh2Py), complicates 

However, there were 

in real space, and important changes in the 

) is in agreement with bulk 

structure, although it shares 

RDF (Figure 27 (b)), a typical 

but the size of the NPs is closer what is ex-

and Mn-β organisations. 

, occurs. Regarding 

Py nanomaterial re-

shell structure, as for this kind 

of organisation, the RDF is always dominated by the structure of the core.48,49 However, a 

structure. This may 

an intermediate structure such as an alloy, even if the distances should be 

allow by itself to discard 

a mixture of monometallic NPs. As the dis-

the structure of the bimetallic 
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Figure 27: (a) Diffractograms of Ru/PPh2Py, RuNi/PPh2Py, Ni/PPh2Py NPs and the Ru 

hcp references and (b) the related RDFs. 

Following the calculation equations presented above for RuNi/PVP NPs (equations 1 to 15) 

and considering all bimetallic PPh2Py NPs having a core-shell structure, the estimated Ni 

percentage coverage for the NPs stabilised with the phosphine ligand are as follows: 

RuPNi/PPh2Py ≈ 76 %, RuNi/PPh2Py a completed shell of Ni is expected and 

RuNiP/PPh2Py ≈ 72 %. All the results for these materials are presented in Table 6.  
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Table 6: Estimation of Ni coverage on RuNi/PPh2Py NPs. 

NP 

NP composi-

tion 

(from ICP-

OES)a 

Mean size 

(nm)b 

Esti-

mated 

total 

atoms 

on the 

NPc 

Esti-

mated 

atoms 

on the 

corec 

Esti-

mated 

atoms 

on the 

surfacec 

Esti-

mated 

atoms 

surface 

(%)c 

Esti-

mated 

number 

of Ru 

atoms in 

a NPd 

Esti-

mated 

number 

of Ni 

atoms in 

a NPd 

Esti-

mated 

surface 

coverage 

of Ni 

(%)e 

Ru/PPh2Py Ru/PPh2Py 1.4 ± 0.2 105 35 70 67 105 0 0 

RuPNi/PPh2

Py 

Ru1.0Ni1.2/PP

h2Py 
1.3 ± 0.3 84 25 59 70 39 45 ≈76 

RuNi/PPh2Py 
Ru1.0Ni1.0/PP

h2Py 
2.1 ± 0.6 356 180 176 49 170 186 ≈106 

RuNiP/PPh2

Py 

Ru1.0Ni1.2/PP

h2Py 
1.1 ± 0.2 51 12 39 76 23 28 ≈72 

Ni/PPh2Py Ni/PPh2Py 2.0 ± 0.4 383 214 169 44 0 383 ≈227 

aICP-OES analysis. bMean values of NP size determined from TEM images by considering at least 200 particles. C High Ru 

loaded NP (Ru/PPh2Py, RuPNi/PPh2Py, RuNi/PPh2Py and RuNiP/PPh2Py) were calculated as follows: the number of Ru 

atoms in hcp cell (N) is 6. Ru atom radius (RRu) 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 on the shell of NP: Vshell = Vtotal – Vcore = 4/3πRNP3- 4/3π（RNP- RRu)3, Vtotal meaning the 

volume of one Ru NP, Vcore presenting the volume of NP excluded the one outer layer of atoms. The numbers of metal atoms 

on the shell Nshell= N*Vshell/0.0817. The number of total Ru atoms Ntotal = N*Vtotal/0.0817. The percentage of Ru atoms on 

the surface of NP = Nshell/ Ntotal*100 %. Ni/PPh2Py was calculated as follows: the number of Ni atoms in fcc cell (N) is 4. Ni 

atom radius (RNi) is 0.176 nm. The volume of Ni cell is 0.0438 nm3. RNP represents the radius of NP. The volume of all Ru 

atoms on the shell of NP: Vshell = Vtotal – Vcore = 4/3πRNP3- 4/3π（RNP- RNi)3, Vtotal meaning the volume of one Ni NP, Vcore 

presenting the volume of NP excluded the one outer layer of atoms. The numbers of Ni atoms on the shell Nshell= 

N*Vshell/0.0438. The number of total Ni atoms Ntotal = N*Vtotal/0.0438. The percentage of metal atoms on the surface of NP = 

Nshell/ Ntotal*100 %. dEstimated total atoms on the NP*metallic content (in mol). eEstimated number of Ni atoms in a 

NP/Estimated atoms on the surface*100. 

ATR-FTIR analyses were recorded in a glovebox for all the synthesised NPs. The spectra 

are depicted in Figure 28 and 29 including PPh2Py ligand and the synthesised complexes 

[Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4-C8H12)(PPh2Py)2]. [Ru(η4-C8H12)(κ2-

PPh2Py)(PPh2Py)] complex contains one PPh2Py coordinated in a bidentate mode, through 

the P and the N atoms, which differs from the [Ni(η4-C8H12)(PPh2Py)2] complex. This dif-

ference may be observed at the P-C=N absorption band (800 cm-1) appearing only in the Ru 

complex. Ru/PPh2Py and Ni/PPh2Py NPs have similar spectra, mainly showing characteris-

tic absorption bands of the PPh2Py ligand, such as C=C and/or C=N stretching ca. 1500 

cm-1, C-N stretching ca. 1000 cm-1 and the =C-H bending ca. 700 cm-1. In comparison, for 

bimetallic systems, besides the absorption bands of the ligand, some intense new bands at 

1250 and 800 cm-1 are observed, which have been attributed to P=O and P-C=N vibrations, 

evidencing some oxidation of the phosphine. Concerning the band at 800 cm-1, 

RuNiP/PPh2Py, with a smaller intensity, RuPNi/PPh2Py and RuNi/PPh2Py have the P-

C=N vibration band already observed in the [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] complex, 

suggesting that some phosphine is coordinated in a bidentate mode in the bimetallic NPs. 
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Figure 28: ATR-IR spectra of the monometallic Ru/PPh
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C

Figure 29: Enlarged ATR
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Wavenumber (cm-1)

Py
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IR spectra of the monometallic Ru/PPh2Py and Ni/PPh

metallic RuNi/PPh2Py NPs, the [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] 

C8H12)(PPh2Py)2] complexes, and PPh2Py ligand. 

ATR-IR spectra of the monometallic Ru/PPh2Py and Ni/PPh

the bimetallic RuNi/PPh2Py NPs, the [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] 

C8H12)(PPh2Py)2] complexes, and PPh2Py ligand. 
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In order to shed some light on the coordination mode of the ligand onto the metallic surface 

of the NPs, 1H, 13C and 31P SS NMR spectra were recorded (Figures 30 and 31 respectively). 

Large peaks were obtained on all the spectra evidencing that the T1 relaxation times were 

very short. This observation, together with a shift of the peaks to higher frequencies, could 

be attributed to the Knight shift effect. This is a paramagnetic effect that results from the 

presence of single electrons, in the case of paramagnetic complexes, or the presence of con-

duction electrons, in the case of NPs of size larger than 2 nm.80 The presence of paramag-

netic complexes adsorbed on the NP surface could explain the observation of large peaks, as 

Knight shift effects are usually observed in large NPs, which is not the case here. 

Ni/PPh2Py

RuNi/PPh2Py

RuNi/PPh2Py from RuP

RuNi/PPh2Py from NiP

Ru/PPh2Py

[Ni(COD)(PPh2Py)2]

[Ru(COD)(PPh2Py)2]

 
Figure 30: 1H SSNMR of the monometallic and bimetallic RuNi/PPh2Py NPs together with 

[Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4-C8H12)(PPh2Py)2] complexes. 
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Ru/PPh2Py

Ni/PPh2Py

RuNi/PPh2Py

RuNi/PPh2Py from RuP

RuNi/PPh2Py from NiP

124

 
Figure 31: 13C SSNMR of the monometallic and bimetallic RuNi/PPh2Py NPs. 

The peaks, observed in the 1H NMR, are consistent with the signals expected from the pro-

tons of the aromatic rings of the phosphine ligand, centred at 7 ppm. The same scenario is 

revealed in the 13C NMR of the compounds, as a broad signal centred at about 124 ppm is 

obtained for all materials. The 31P SS NMR show as well large paramagnetic peaks at high 

frequencies in all materials, nevertheless, a sharper peak, can be elucidated in between 30 to 

70 ppm in all the prepared NPs, which are attributed to the phosphine ligand coordinated 

onto the metallic surface.81,82  

Figure 32 displays the 13P SS NMR of [Ru(η4-C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4- 

C8H12)(PPh2Py)2]. Two singlets at 50.0 and -27.0 ppm were observed for [Ru(η4-C8H12)(κ2-

PPh2Py)(PPh2Py)], in line with the 31P NMR recorded in solution. Similarly, the 31P SSNMR 

[Ni(η4-C8H12)(PPh2Py)2] corresponds well to the one recorded in solution, displaying a 

singlet at 34.9 ppm. Ru/PPh2Py and Ni/PPh2Py showed a broad signal at 67.2 and 26.5 

ppm, respectively. No peak was observed at higher fields, indicating a monodentate coordi-

nation of the phosphine ligand. Figure 33 displays the 31P SS NMR of the bimetallic materi-

als, RuPNi/PPh2Py, RuNiP/PPh2Py, and RuNi/PPh2Py, together with the ones of the 

monometallic species, Ru/PPh2Py and Ni/PPh2Py. In the three bimetallic systems two 

peaks were observed: RuPNi/PPh2Py displays a peak centred at 62.5 ppm, with a shoulder 

at 26.6 ppm; RuNiP/PPh2Py a peak at 58.8 ppm with a shoulder at 25.9 ppm; and 

RuNi/PPh2Py a peak at 69.5 ppm with a shoulder at 26.3 ppm. These peaks appear in simi-

lar chemical shifts than the ones observed for the monometallic NPs, thus indicating that 

the phosphine present in the bimetallic materials is both coordinated to Ru and Ni atoms. 
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These observations are in agreement with a bimetallic system in which both metals are pre-

sent at the surface, or a mixture of monometallic NPs, being the later discarded as WAXS 

analyses show that the systems are bimetallic. 

Ru/PPh2Py

[Ni(COD)(PPh2Py)2]

[Ru(COD)(PPh2Py)2]

Ni/PPh2Py

 
Figure 32: 31P SSNMR spectra of the monometallic NPs together with those of [Ru(η4-

C8H12)(κ2-PPh2Py)(PPh2Py)] and [Ni(η4-C8H12)(PPh2Py)2] complexes. 

Ru/PPh2Py

Ni/PPh2Py

RuNi/PPh2Py

RuNiP/PPh2Py

RuPNi/PPh2Py

 
Figure 33: 31P SSNMR spectra of the monometallic and bimetallic RuNi/PPh2Py NPs. 

Magnetic properties of the nanomaterials were analysed by SQUID magnetometry. Figure 

34 provides the hysteresis cycles recorded for the bimetallic RuNi and monometallic Ni 

NPs. These curves were measured at RT and corrected of the diamagnetic contribution of 

PPh2Py. Ni/PPh2Py NP manifested a typical ferromagnetic behaviour with 32.6 emu·gNi-1 of 
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Ms, which is very similar to the one observed for Ni/PVP, 32.4 emu

size effect or the presence of small amounts of oxide in the surface could explain that the 

Ms observed is low compared to bulk Ni (Ms = 54.4 emu

has a limited effect on the magnetisation of Ni NPs 

netisation should be observed

RuNi/PPh2Py and RuNiP/PPh

materials, pointing to a similar structure.

clearly diamagnetic. RuP

diamagnetic behaviour. 

as magnetisation is rapidly

behaviour observed in all bimetallic systems

and RuNiP/PPh2PyNPs are structurally 

Figure 34: Magnetic hysteresis cycles of bimetallic and monometallic PPh

To conclude this section

C8H12)(PPh2Py)2] complexes were successfully synthesised

synthesised from these precursors, as well as from a mixture of 

C8H12)(η6-C8H10)] using PPh

metallic NPs were below

Ru in the core, even if the alloy organisation could be 

Future studies with more specific techniques such as EXAFS would be of interest to be able 

to discard or not the 
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similar to the one observed for Ni/PVP, 32.4 emu·g

size effect or the presence of small amounts of oxide in the surface could explain that the 

Ms observed is low compared to bulk Ni (Ms = 54.4 emu·gNi−1).63 The presence of PPh

on the magnetisation of Ni NPs compared to PVP, even if

netisation should be observed due to the presence of a more donor ligand on the surface

and RuNiP/PPh2Py NPs, they present similar curves typical of

, pointing to a similar structure. This is in contrast to Ru1Ni

PNi/PPh2Py sample with 19.8 % of Ru content, display

diamagnetic behaviour. These observations show that Ni is incorporated to the Ru structure 

rapidly decreased when adding a small amount of Ru on a Ni sam

behaviour observed in all bimetallic systems. It can also be concluded that RuNi/PPh

PyNPs are structurally close. 

Magnetic hysteresis cycles of bimetallic and monometallic PPh

measured at RT. 

section of Chapter 2, [Ru(η4-C8H12)(κ2-PPh2Py)(PPh

complexes were successfully synthesised. Bimetallic NPs were successfully 

synthesised from these precursors, as well as from a mixture of [Ni(η4-C8

)] using PPh2Py as a stabiliser. All the synthesised monometallic and b

below 2 nm of size. The bimetallic NPs have a core-shell structure being 

the alloy organisation could be a possibility, as ascertained by WAXS

Future studies with more specific techniques such as EXAFS would be of interest to be able 

 alloy structure. Moreover, WAXS analyses of RuPNi/PPh
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gNi-1. And similarly, 

size effect or the presence of small amounts of oxide in the surface could explain that the 

he presence of PPh2Py 

even if a lower mag-

due to the presence of a more donor ligand on the surface.46 

s typical of paramagnetic 

Ni1/PVP which was 

Ru content, displays also a clear 

These observations show that Ni is incorporated to the Ru structure 

d when adding a small amount of Ru on a Ni sample,65,66 

It can also be concluded that RuNi/PPh2Py 

 
Magnetic hysteresis cycles of bimetallic and monometallic PPh2Py-stabilised NPs 

Py)(PPh2Py)] and [Ni(η4-

Bimetallic NPs were successfully 

8H12)2] and [Ru(η4-

monometallic and bi-

shell structure being 

a possibility, as ascertained by WAXS. 

Future studies with more specific techniques such as EXAFS would be of interest to be able 

alloy structure. Moreover, WAXS analyses of RuPNi/PPh2Py and 
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RuNiP/PPh2Py would also be 

were recorded being able to observe 

nated to both Ru and Ni atoms

amount of Ru to Ni evidenced the presence of both Ru and Ni close in vicin

ther supports the bimetallic nature of

More analyses are needed to fully understand the structure of the RuNi/PPh

2.4 Synthesis of RuNi/AdCOOH

1-Adamantanecarboxylic acid (AdCOOH) 

ture.83–87 It has recently been described as an efficient and robust stab

to the strong coordination onto the Ru

In order to identify if this carboxylic acid compound is a suitable stabiliser for RuNi bimeta

lic systems, and its effect on the structure of the NPs, RuNi/A

In order to obtain the targeted RuNi/AdCOOH NPs, 

C8H12)2] complexes were decomposed under 3 bar of H

COOH (0.2 molar eq.) 

Ru/Ni ratio equal to 1 as detailed in Table 

synthesised using the same procedure with the aim of

Ru/AdCOOH NPs, the synthesis was not performed

from reference.59 All the e

Scheme 

The reaction mixture displayed the expected characteristi

black) after a few minutes

by the decomposition of the precursors 

35). For the monometallic Ni/AdCOOH

sition of [Ni(η4-C8H12)2

in the oil bath at 85 ºC.

no homogeneous colloidal suspension was obtained but instead a 

magnetic black material deposited onto the 

sult seems to indicate a poor st

with the results obtained 

which a black suspension was observed.
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Py would also be of interest to corroborate their structure

being able to observe that, in the bimetallic NPs, the phosphine is coord

Ni atoms. The drastic decrease of magnetisation when adding a small 

amount of Ru to Ni evidenced the presence of both Ru and Ni close in vicin

ports the bimetallic nature of the RuNi NPs, as suggested by WAXS measures

e needed to fully understand the structure of the RuNi/PPh

Synthesis of RuNi/AdCOOH nanoparticles 

Adamantanecarboxylic acid (AdCOOH) has a rigid and thermodynamically stable stru

It has recently been described as an efficient and robust stabiliser for Ru NPs, due 

to the strong coordination onto the Ru surface of the ligand through its carboxylate form.

In order to identify if this carboxylic acid compound is a suitable stabiliser for RuNi bimeta

lic systems, and its effect on the structure of the NPs, RuNi/AdCOOH have been prepared.

targeted RuNi/AdCOOH NPs, [Ru(η4-C8H12)(η6-C

] complexes were decomposed under 3 bar of H2 pressure in the presence of A

 in THF (Scheme 10). The reaction was carried out at 85°C, using a 

Ru/Ni ratio equal to 1 as detailed in Table 6. Monometallic Ni/AdCOOH NPs were also 

synthesised using the same procedure with the aim of comparison

NPs, the synthesis was not performed and data for comparison are taken 

All the experimental details are given in Chapter 6.  

Scheme 10: Synthesis of RuNi/AdCOOH NPs. 

displayed the expected characteristic colour change

minutes under H2 pressure, evidencing the formation of the metallic NPs 

by the decomposition of the precursors and resulting to a black colloidal suspension 

he monometallic Ni/AdCOOH, the typical colour change indicating the 

2] was observed as soon as the Fisher Porter (FP) bottle was plunged 

ºC. In addition for the monometallic Ni NPs, at the end of the reaction, 

no homogeneous colloidal suspension was obtained but instead a colourless

magnetic black material deposited onto the stirring bar were observed (Figure 3

indicate a poor stabilisation of the NPs with the AdCOOH

results obtained with the PVP polymer and PPh2Py, and the RuNi/AdCOOH NPs 

which a black suspension was observed. 
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their structure. SSNMR spectra 

that, in the bimetallic NPs, the phosphine is coordi-

he drastic decrease of magnetisation when adding a small 

amount of Ru to Ni evidenced the presence of both Ru and Ni close in vicinity, which fur-

, as suggested by WAXS measures. 

e needed to fully understand the structure of the RuNi/PPh2Py. 

and thermodynamically stable struc-

iliser for Ru NPs, due 

surface of the ligand through its carboxylate form.59 

In order to identify if this carboxylic acid compound is a suitable stabiliser for RuNi bimetal-

COOH have been prepared. 

C8H10)] and [Ni(η4-

pressure in the presence of Ad-

The reaction was carried out at 85°C, using a 

onometallic Ni/AdCOOH NPs were also 

comparison. Concerning the 

and data for comparison are taken 

 

c colour change (from yellow to 

evidencing the formation of the metallic NPs 

a black colloidal suspension (Figure 

colour change indicating the decompo-

bottle was plunged 

at the end of the reaction, 

colourless solution with a 

(Figure 36). This re-

abilisation of the NPs with the AdCOOH ligand, in contrast 

Py, and the RuNi/AdCOOH NPs 
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Figure 35: Colour change 

left, before the hydrogenation reac

Figure 36: Reaction mixture obtained after the synthesis of Ni/AdCOOH NPs at 85

Table 7: Metal contents and mean sizes of the

NP 

Ru/AdCOOHc 

Ru1Ni1/AdCOOH

Ni/AdCOOH 

aICP-OES analysis. bMean values of 

particles. CValues extracted from 

Table 7 summarizes the mean size

Ni/AdCOOH ascertained from TEM images together with the metallic content

by ICP-OES analyses. All the synthesised NPs were small (

if, in the case of the monometallic Ni

sion. This broad dispersion would be attributed to the presence of some agglomeration 

(Figure 37) as, as mentioned above, the AdCOOH seems to 

compared to PVP and PPh

size in line with the RuNi/PPh
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Colour change observed in a typical synthesis of RuNi/AdCOOH NPs 

before the hydrogenation reaction, and right, after the reaction

 
Reaction mixture obtained after the synthesis of Ni/AdCOOH NPs at 85

Metal contents and mean sizes of the monometallic Ru/AdCOOH, 

and the bimetallic RuNi/AdCOOH NPs. 

Ru 

content 

(%)a 

Ni 

content 

(%)a 

NP composition 

(from ICP-OES) 

 77.9 - Ru/AdCOOH 

/AdCOOH 36,0 22,9 Ru1.0Ni1.1/AdCOOH 

 - 76,9 Ni/AdCOOH 

Mean values of NP size determined from TEM images by considering at least 200 

extracted from reference59. 

summarizes the mean sizes of the synthesised materials RuNi/AdCOOH and 

Ni/AdCOOH ascertained from TEM images together with the metallic content

All the synthesised NPs were small (≤ 2 nm) (Figure 

in the case of the monometallic Ni (1.5 ± 0.2 nm), the sample presented a broad dispe

This broad dispersion would be attributed to the presence of some agglomeration 

) as, as mentioned above, the AdCOOH seems to poorly stabilise the Ni NPs 

PVP and PPh2Py. Furthermore, RuNi/AdCOOH (1.8 ± 0.3 nm) 

with the RuNi/PPh2Py and RuNi/PVP samples.  
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synthesis of RuNi/AdCOOH NPs at 85 ºC; 

right, after the reaction. 

Reaction mixture obtained after the synthesis of Ni/AdCOOH NPs at 85 ºC. 

monometallic Ru/AdCOOH, Ni/AdCOOH 

Mean size 

(nm)b 

1.5 ± 0.6 59 

1.8 ± 0.3 

1.5 ± 0.2 

size determined from TEM images by considering at least 200 

of the synthesised materials RuNi/AdCOOH and 

Ni/AdCOOH ascertained from TEM images together with the metallic contents obtained 

nm) (Figure 37 and 38), even 

presented a broad disper-

This broad dispersion would be attributed to the presence of some agglomeration 

stabilise the Ni NPs 

1.8 ± 0.3 nm) displays a 
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The Ru and Ni content ascertained by 

position from the introduced materials

Figure 37: TEM image of RuNi/AdCOOH

Figure 38: TEM image of Ni/AdCOOH

For a matter of time and priorities, no further characterisation analyses were performed on 

the AdCOOH NPs systems.

netic measurements, and WAXS.

2.5 Synthesis of Ru

Ru, having a hcp structure, and Cu, having a 

even in the liquid phase

miscibility barrier, both experimentally and computationally, aiming a Ru

RuCu/PVP NPs has already been synthesised in the past by 

obtaining usually large NPs.

with the previous synthesised RuNi/PVP NPs, a core
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he Ru and Ni content ascertained by ICP-OES were in agreement with the expected co

from the introduced materials, i.e. a molar Ru/Ni ratio of 1.  

TEM image of RuNi/AdCOOH NPs (scale bar 200 nm) together with the r

spective size histogram. 

TEM image of Ni/AdCOOH NPs (scale bar 200 nm) together with the respe

tive size histogram. 

For a matter of time and priorities, no further characterisation analyses were performed on 

AdCOOH NPs systems. Further characterisation will include IR, SSNMR, XPS, ma

netic measurements, and WAXS. 

Synthesis of RuCu/PVP nanoparticles 

structure, and Cu, having a fcc structure, are not miscible in the bulk state or 

liquid phase.19,20 Since then, a lot of efforts have been made to overcome this 

miscibility barrier, both experimentally and computationally, aiming a Ru

RuCu/PVP NPs has already been synthesised in the past by using several

NPs.32–34 Taking into consideration previous results and comparing it 

with the previous synthesised RuNi/PVP NPs, a core-shell structure is expec
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were in agreement with the expected com-

 
200 nm) together with the re-

 
(scale bar 200 nm) together with the respec-

For a matter of time and priorities, no further characterisation analyses were performed on 

Further characterisation will include IR, SSNMR, XPS, mag-

in the bulk state or 

Since then, a lot of efforts have been made to overcome this 

miscibility barrier, both experimentally and computationally, aiming a Ru-Cu alloy.88–92 

using several methodologies, 

previous results and comparing it 

shell structure is expected. 
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Cu/PVP NPs may be obtained from the 

glycerol at 120 ºC.93 It was also reported the decomposition of the [Cu(C

ence of hexadecylamine (

these previous works, a temperature of

RuCu NPs along with their corresponding monometallic counterparts

In order to obtain the bimetallic RuCu/PVP NPs, 

complexes were decomposed under 3 bar of H

weight of metals with respect to the polymer, and

was carried out at 100 °C, using several Ru/Cu ratios 

Cu/PVP NPs were also synthesised using the same procedure with the aim of comparison. 

All the experimental details are given in Chapter

During the synthesis of bimetallic 

light brown/orange to black

(Figure 39) was observed

(Figure 40). 

Figure 39: Colour change

before the hydrogenation reaction

Figure 40: Colloidal suspension obtained
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be obtained from the reduction of [Cu(C9H11)] in the presence

It was also reported the decomposition of the [Cu(C

hexadecylamine (HDA), to form Cu/HDA NPs at 80 ºC in THF.

these previous works, a temperature of 100 ºC was chosen for the synthesis of the se

along with their corresponding monometallic counterparts. 

In order to obtain the bimetallic RuCu/PVP NPs, [Ru(η4-C8H12)(η6-C8H10

complexes were decomposed under 3 bar of H2 pressure in the presence of PVP

with respect to the polymer, and THF as solvent (Scheme 1

°C, using several Ru/Cu ratios (Table 8). Monometallic Ru/PVP and 

Cu/PVP NPs were also synthesised using the same procedure with the aim of comparison. 

xperimental details are given in Chapter 6.  

Scheme 11: Synthesis of RuCu/PVP NPs. 

synthesis of bimetallic RuCu/PVP NPs the characteristic colour change from 

light brown/orange to black after a few minutes under H2 pressure and heating at 100

was observed. In contrast, monometallic Cu NPs displayed a 

Colour change observed in a typical synthesis of RuCu/PVP NPs 

before the hydrogenation reaction, and right, after the reaction.

 
Colloidal suspension obtained of the as-synthesised Cu/PVP NPs 
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)] in the presence of PVP in 

It was also reported the decomposition of the [Cu(C9H11)] in the pres-

ºC in THF.94 Considering 

for the synthesis of the series of 

10)] and [Cu(C9H11)] 

ence of PVP using 30 % 

THF as solvent (Scheme 11). The reaction 

onometallic Ru/PVP and 

Cu/PVP NPs were also synthesised using the same procedure with the aim of comparison. 

 

characteristic colour change from 

and heating at 100 ºC 

monometallic Cu NPs displayed a dark red colour 

 
synthesis of RuCu/PVP NPs at 100 ºC; left, 

after the reaction. 

Cu/PVP NPs at 100 ºC. 
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Table 8 summarizes the metal content of each synthesised material, as well as the size of the 

NPs established analysing the TEM images (Figures 41 to 46). 

Table 8: Metal contents and mean sizes of monometallic Ru/PVP, Cu/PVP and bimetallic 

RuCu/PVP NPs synthesised at 100 ºC. 

NP 

Ru 

content 

(%)a 

Cu 

content 

(%)a 

NP composition 

(from ICP-OES) 

Mean size 

(nm)b 

Ru/PVP 22.2 - Ru/PVP 1.6 ± 0.3 

Ru2Cu1/PVP 15.9 5.6 Ru1.8Cu1.0/PVP 1.2 ± 0.3 

Ru1Cu1/PVP 18.6 14.1 Ru1.0Cu1.2/PVP 1.0 ± 0.2 

Ru1Cu2/PVP 13.7 15.9 Ru1.0Cu1.8/PVP 1.0 ± 0.1 

Ru1Cu20/PVP 1.7 20.2 Ru1.0Cu18.9/PVP 1.2 ± 0.2 

Cu/PVP - 19.8 Cu/PVP 4.9 ± 1.0 

aICP-OES analysis. bMean values of NP size determined from TEM images by considering at least 200 

particles. 

TEM images of the monometallic Cu sample displayed the presence of NPs of 4.9 ± 1.0 nm 

size as well as a small population of smaller NPs (1.3 ± 1.0 nm) (Figure 41). Moreover, some 

of the large NPs observed seem to be hollowed as can be observed in literature for Cu2O 

NPs.95,96 Several methodologies are known for the formation of hollow NPs which, contain-

ing catalytic species in the cavity, are of great interest in catalysis.97 These two populations 

may correspond to the formation of the small Cu/PVP NPs and the big hollow Cu2O/PVP 

NPs. Looking at the Ru/PVP (1.6 ± 0.3 nm), it is interesting to observe that, in comparison 

with the Ru/PVP synthesised at 85 ºC for the RuNi/PVP series (1.0 ± 0.2 nm), at 100 ºC, 

the Ru/PVP NPs are larger. Other monometallic NPs, such as CuH98 and ZnO99 NPs, have 

also been described as having a dependency on the synthesis temperature for the NPs size. 

Concerning the bimetallic RuCu/NPs, in all cases small NPs of about 1 nm are obtained: 

Ru2Cu1/PVP, 1.2 ± 0.3 nm; Ru1Cu1/PVP, 1.0 ± 0.2 nm; Ru1Cu2/PVP, 1.0 ± 0.1 nm; and 

Ru1Cu20/PVP, 1.2 ± 0.2 nm. It is worth mentioning that the small size is observed for all 

compositions, including the ones displaying high Cu content, Ru1Cu20/PVP, which is in 

contrast with the size of the monometallic hollow Cu NPs (4.9 ± 1.0 nm) synthesised fol-

lowing the same procedure. This could point out, as in the case of RuNi/PVP NPs, to the 

role of Ru species as seed mediator for the synthesis of RuCu NPs. Furthermore, all these 

values are very small compared to the RuCu/PVP NPs observed in literature.32–34 This size 

difference may come from the different methodology used as the precursors and the syn-

thetic methods are different. 

Most of the synthesised materials displayed a total metal content in weight ca. 20 %, with the 

exception of Ru1Cu1/PVP and Ru1Cu2/PVP which present a higher value. In all cases, the 
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molar ratios Ru/Cu were

rials at the beginning of the synthesis

Figure 41: TEM image of Cu/PVP 

Figure 42: TEM image of Ru

Figure 43: TEM image of Ru
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were close to the ones expected theoretically from the introduced mat

rials at the beginning of the synthesis.  

TEM image of Cu/PVP NPs (scale bar 100 nm) together with the respective size 

histogram. 

TEM image of Ru1Cu20/PVP NPs (scale bar 200 nm) together with the respe

tive size histogram. 

TEM image of Ru1Cu2/PVP NPs (scale bar 100 nm) together with the respe

tive size histogram. 
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from the introduced mate-

 
nm) together with the respective size 

 
nm) together with the respec-

 
nm) together with the respec-
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Figure 44: TEM image of Ru

Figure 45: TEM image of Ru

Figure 46: TEM image of Ru/PVP

HAADF-STEM-EDX analyses

ºC were performed (Figure 4

Nevertheless, the amount

are mainly composed by Ru, which is not consistent with the composition 

ICP-OES analyses (Figure 4
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TEM image of Ru1Cu1/PVP NPs (scale bar 50 nm) together with the respective 

size histogram. 

TEM image of Ru2Cu1/PVP NPs (scale bar 100 nm) together with the respe

tive size histogram. 

TEM image of Ru/PVP NPs (scale bar 50 nm) together with the respective size 

histogram. 

EDX analyses on isolated NPs of Ru1Cu1/PVP material 

ºC were performed (Figure 47). The results show that Ru and Cu coexist

the amounts of both metals determined by EDX analyses show

are mainly composed by Ru, which is not consistent with the composition 

(Figure 47 (b)). 
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nm) together with the respective 

 
nm) together with the respec-

 
nm) together with the respective size 

 synthesised at 100 

coexist in the same NP. 

show that the NPs 

are mainly composed by Ru, which is not consistent with the composition determined by 
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Figure 47 (a) HAADF-STEM images of Ru1Cu1/PVP NPs synthesised at 100 °C together 

with the (b) EDX analysis of the isolated NPs in squares 1 (top), 2 (bottom left) and 3 (bot-

tom right). 

In contrast, the EDX analyses of larger areas of Ru1Cu1/PVP material indicated a Ru/Cu 

ratio close to 1 (Figure 48), which is the expected value for this sample. These different re-

sults obtained depending on probing isolated NPs or an ensemble of NPs could indicate 

that a significant part of the copper is not incorporated into the NPs, but is present under 

the form of very small clusters or isolated atoms. This hypothesis was confirmed by a line 

scan EDX analyses (Figure 49), where Ru was detected only in the NPs (red line), while Cu 

was observed over all the EDX scan line (blue line), including on the Ru rich zones.  
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(a)

017017

016016
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1

2

Figure 48: (a)HAADF

the (b) EDX analysis of 

Figure 49: HAADF-

WAXS analyses are in agreement with the formation of bimetallic NPs. The 

for Cu/PVP (Figure 50
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HAADF-STEM image of Ru1Cu1/PVP synthesised at 100

the (b) EDX analysis of two regions 1 (top) and 2 (bottom).

-STEM image of Ru1Cu1/PVP synthesised at 100 °C 

with a linear EDX analysis (bottom). 

in agreement with the formation of bimetallic NPs. The 

0) agree with a pure Cu2O structure where the Cu atoms arrange in a 
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fcc sublattice and the O atoms in a body-centred cubic (bcc) sublattice. The Ru/PVP NPs 

synthesized at 100 ºC have the expected hcp structure,47 even if it is distorted as previously 

ascertained in Ru/PVP synthesised at 85 °C, see section 2.2. A concrete pattern of such a 

distorted hcp structure was also detected, at 0.2–0.5 nm range, for the three bimetallic NPs 

analysed (Ru2Cu1/PVP, Ru1Cu1/PVP and Ru1Cu2/PVP), with decreased amplitude. This is 

in accordance with a core–shell organisation of the two metals since for core–shell systems, 

the prevailed structure is dominated by the core.48,49 The moderated intensity of this pattern 

could indicate a disordered structure, caused by the presence of more than one phase. So, in 

the series of RuCu bimetallic NPs, the structure observed would be a Ru core and a shell 

where Cu2O is present. In all cases, Cu was not observed on the surface but Cu2O, meaning 

that the samples the surfaces were oxidised. For monometallic Cu, this presence of Cu2O 

would be in agreement with the observation on TEM analyses of hollow Cu2O NPs. 
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Figure 50: Diffractograms with, from the top to the bottom, the monometallic Ru NPs, the 

bimetallic RuCu/PVP NPs and the monometallic Cu NPs synthesised at 100 ºC (top); and 

the related RDFs (bottom). 
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Following the calculations presented in section 2.2 for RuNi/PVP NPs (equations 1 to 15), 

the estimated Cu percentage coverage for the NPs stabilised with the PVP ligand are as 

follows, Ru2Cu1/PVP ≈ 49 %, Ru1Cu1/PVP ≈ 68 % and Ru1Cu2/PVP ≈ 77 %. All the 

results for these materials are presented in Table 9.  

Table 9: Estimation of Cu coverage on the monometallic Ru/PVP and Cu/PVP NPs, and 

the bimetallic RuCu/PVP NPs. 

NP 

NP composi-

tion 

(from ICP-

OES)a 

Mean 

size 

(nm)b 

Estimated 

total 

atoms on 

the NPc 

Estimated 

atoms on 

the corec 

Estimated 

atoms on 

the 

surfacec 

Estimated 

atoms 

surface 

(%)c 

Estimated 

number 

of Ru 

atoms in 

a NPd 

Estimated 

number 

of Cu 

atoms in 

a NPd 

Estimated 

surface 

coverage 

of Cu 

(%)e 

Ru/PVP Ru/PVP 1.6 ± 0.3 157 62 95 61 157 0 0 

Ru2Cu1/PVP Ru1.8Cu1.0/PVP 1.2 ± 0.3 66 17 49 74 42 24 ≈49 

Ru1Cu1/PVP Ru1.0Cu1.2/PVP 1.0 ± 0.2 38 7 31 82 17 21 ≈68 

Ru1Cu2/PVP Ru1.0Cu1.8/PVP 1.0 0.1 38 7 31 82 14 24 ≈77 

Cu/PVP Cu/PVP 4.9 ± 1.0 5217 4145 1072 21 0 5217 ≈487 

aICP-OES analysis. bMean values of NP size determined from TEM images by considering at least 200 particles. C High Ru loaded NP (Ru/PVP, 

Ru2Cu1/PVP, Ru1Cu1/PVP and Ru1Cu2/PVP) were calculated as follows: the number of Ru atoms in hcp cell (N) is 6. Ru atom radius (RRu) 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 on the shell of NP: Vshell = Vtotal – 

Vcore = 4/3πRNP3- 4/3π（RNP- RRu)3, Vtotal meaning the volume of one Ru NP, Vcore presenting the volume of NP excluded the one outer layer of 

atoms. The numbers of metal atoms on the shell Nshell= N*Vshell/0.0817. The number of total Ru atoms Ntotal = N*Vtotal/0.0817. The percentage 

of Ru atoms on the surface of NP = Nshell/ Ntotal*100 %. Cu/PVP was calculated as follows: the number of Cu atoms in fcc cell (N) is 4. Cu atom 

radius (RCu) is 0.181 nm. The volume of Cu cell is 0.0472 nm3. RNP represents the radius of NP. The volume of all Ru atoms on the shell of NP: 

Vshell = Vtotal – Vcore = 4/3πRNP3- 4/3π（RNP- RCu)3, Vtotal meaning the volume of one Cu NP, Vcore presenting the volume of NP excluded the 

one outer layer of atoms. The numbers of Cu atoms on the shell Nshell= N*Vshell/0.0472. The number of total Cu atoms Ntotal = N*Vtotal/0.0472. 

The percentage of metal atoms on the surface of NP = Nshell/ Ntotal*100 %. dEstimated total atoms on the NP*metallic content (in mol). eEsti-

mated number of Cu atoms in a NP/Estimated atoms on the surface*100. 

Magnetic properties of Cu/PVP and Ru1Cu1/PVP NPs were measured by SQUID magne-

tometry. Figure 51 provides the curves recorded at RT and corrected of the diamagnetic 

contribution of PVP. Cu/PVP NPs manifested a typical ferromagnetic behaviour with 11.1 

emu·gCu-1 of Ms. The Ms observed is higher compared to C coated Cu NPs (Ms = 0.2-1.5 

emu·gCu−1).100 It is known that the Ms of Cu NP depends on its size,100 which could explain 

the low value compared to the results on the C coated Cu NPs mentioned. It is also known 

that in bulk Co-Cu systems, at a 0 K temperature, the Ms decreases until 0 with the increas-

ing Cu content, approaching Ms=0 emu·gCu-1 at ca. 90 % of Cu.101 In comparison to the 5 

nm Cu2/C NPs from literature,100 the Ms of the 5 nm Cu/PVP NPs synthesised here is 7.4 

times higher. The Ru1Cu1/PVP sample displays a clear diamagnetic behaviour evidencing 

that the magnetisation is rapidly decreased when adding a small amount of Ru on the sam-

ples. This was also observed in the synthesised RuNi/PVP NPs discussed in section 2.2, 

RuNi/PPh2Py NPs discussed in section 2.3 and other Ru and Ni bimetallic systems.65,66 

Cu2O is known to have similar paramagnetism and diamagnetism contributions on its be-

haviour, resulting to a Ms near zero (0.3*10-6 emu·gCu-1).102,103 Being Cu+ and O2- diamag-

netic species, the paramagnetism comes either from the presence of cation vacancies or 
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from magnetic impurities or dopings of the sample

dopings were performed, becoming the hypothesis of cation vacancies the chosen

paramagnetism observed on Cu

Figure 51: Magnetic hysteresis cycles of Cu/PVP and RuCu/PVP 

To conclude this section

ºC by the reduction of 

sised bimetallic NPs were all 

amount in their composition. A

structure being Ru in the core

NPs remaining as clusters or isolated atoms

lations of NPs (1.3 nm and 4.9 nm), being the 

WAXS analysis. Magnetisation 

ing the presence of both Ru and 

success on the synthesis of the bimetallic Ru

process was to use these synthesised NPs as catalysts for hydrogenation reactions of FF, 

which is discussed in Chapter 3.

2.6 Synthesis of Cu/

In order to study the effects of ligands 

stabiliser PVP was replaced
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from magnetic impurities or dopings of the sample.104–106 In our synthesised Cu

dopings were performed, becoming the hypothesis of cation vacancies the chosen

paramagnetism observed on Cu2O NPs. 

Magnetic hysteresis cycles of Cu/PVP and RuCu/PVP NPs 

section of Chapter 2, bimetallic RuCu/PVP NPs were synthesised at 100

of [Ru(η4-C8H12)(η6-C8H10)] and [Cu(C9H11)]complexes

sised bimetallic NPs were all between 1.0 and 1.2 nm, even the ones with a higher 

position. As expected, all bimetallic RuCu/PVP NPs have

structure being Ru in the core and Cu2O on the surface but all Cu is not incorporated in the 

NPs remaining as clusters or isolated atoms. Monometallic Cu/PVP NPs showed two pop

nm and 4.9 nm), being the larger ones Cu2O NPs

agnetisation decreased when adding a small amount of Ru to 

the presence of both Ru and Cu close in vicinity, in the same structure, certifying the 

success on the synthesis of the bimetallic RuCu/PVP NPs.  The objective of this synthetic 

process was to use these synthesised NPs as catalysts for hydrogenation reactions of FF, 

discussed in Chapter 3. 

Cu/Amines nanoparticles 

study the effects of ligands on the synthesis and applications

was replaced by several amines in the synthetic procedure.
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In our synthesised Cu2O NPs, no 

dopings were performed, becoming the hypothesis of cation vacancies the chosen for the 

 
 measured at RT. 

were synthesised at 100 

)]complexes. These synthe-

2 nm, even the ones with a higher Cu 

ll bimetallic RuCu/PVP NPs have a core-shell 

t incorporated in the 

Monometallic Cu/PVP NPs showed two popu-

O NPs as ascertained by 

of Ru to Cu evidenc-

close in vicinity, in the same structure, certifying the 

objective of this synthetic 

process was to use these synthesised NPs as catalysts for hydrogenation reactions of FF, 

lications of Cu NPs, the 

amines in the synthetic procedure. Amine ligands 
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were chosen as they are known to be 

and also to display beneficial effects 

[Cu(C9H11)] complex was decomposed under 3 bar of H

or dodecylamine (DDA) in THF, 

(Scheme 12). Cu/HDA NPs 

[Cu(C9H11)] complex in the presence of HDA at 80

where.94 The synthesis 

ºC, in order to study the effect of temperature on the growth of the NPs. 

molar eq. of DDA were used, to reproduce the results foun

from 0.2 to 2 molar eq. were tested for HDA

tion, by varying the HDA content,

are given in Chapter 6. 

homogeneous large NPs with the aim 

metal.  

Scheme 1

At 80 ºC, 100 ºC and 120

dark red was observed after some minutes

Figure 52: Colour change in a typical

ºC; left, before the 

TEM images of the Cu/DDA NPs showed a mean size of 1.9 ± 0.1 nm, 

than expected from the publication where 

tained, by using exactly the same 

large and it would be of interest to repeat this synthesis to study its reproducibility. 

Cu/HDA samples showed
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are known to be suitable stabilisers for the synthesis of

beneficial effects in catalysis.109,110  

)] complex was decomposed under 3 bar of H2 pressure in the presence of HDA

DDA) in THF, with the aim to obtain Cu/HDA or Cu/DDA

Cu/HDA NPs have been previously synthesized by decomposing the 

)] complex in the presence of HDA at 80 ºC, and the procedure is described els

he synthesis was performed at three different temperatures 80 

, in order to study the effect of temperature on the growth of the NPs. 

of DDA were used, to reproduce the results found in literature, and 

molar eq. were tested for HDA, in order to study the effect of the compos

, by varying the HDA content, on the growth of the NPs. All the experimental details 

.  The objective was to control the growth of the NPs in order to have 

NPs with the aim to perform a doping of the surface with 

 

Scheme 12: Synthesis of Cu/HDA and Cu/DDA NPs.

ºC and 120 ºC, the characteristic colour change from light brown/orange to 

was observed after some minutes of heating under H2 pressure (Fig

Colour change in a typical synthesis of Cu/HDA NPs at 80 ºC

before the hydrogenation reaction, and right, after the reaction.

Cu/DDA NPs showed a mean size of 1.9 ± 0.1 nm, 

than expected from the publication where large Cu/DDA NPs of 7.8 nm size were o

, by using exactly the same reaction conditions.94 However, the size distribution is very 

large and it would be of interest to repeat this synthesis to study its reproducibility. 

showed the presence of NPs from 1.9 ± 0.4 nm to 10.8
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the synthesis of Cu NPs;94,107,108 

pressure in the presence of HDA 

Cu/HDA or Cu/DDA NPs 

previously synthesized by decomposing the 

, and the procedure is described else-

 °C, 100 ºC or 120 

, in order to study the effect of temperature on the growth of the NPs.  Moreover, 0.08 

d in literature, and in addition 

, in order to study the effect of the composi-

All the experimental details 

control the growth of the NPs in order to have 

doping of the surface with another 

NPs. 

characteristic colour change from light brown/orange to 

(Figure 52).  

 
ºC, 100 ºC or 120 

after the reaction. 

Cu/DDA NPs showed a mean size of 1.9 ± 0.1 nm, which is smaller 

Cu/DDA NPs of 7.8 nm size were ob-

However, the size distribution is very 

large and it would be of interest to repeat this synthesis to study its reproducibility. 

to 10.8 ± 2.7 nm sizes 
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depending on the temperature and HDA content used

HDA content, the size of the Cu/HDA NPs incre

HDA: at 80 ºC, 1.9 ± 0.4 nm; at 100

dency that was already observed 

no clear relation was observed for a fixed synthesis temperature, as the synthesised NPs of 

the Cu/HDA series were not really homogeneous and even aggregation is observed

cases. Table 10 summarizes the metal content of each sy

size of the NPs established analysing the TEM images (Figures 

Table 10: Metal content and mean size of 

Cu/0.0

Cu/0.

Cu/0.

Cu/1 

Cu/0.4

Cu/

Cu/1

Cu/

aICP-OES analysis. 

images by considering at least 200 particles.

In most samples, the metallic m

the range 70-98 %, with the exception of 

ºC, which presented a Cu content in the range 55

Figure 53: TEM image of Cu/0.0
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depending on the temperature and HDA content used. It can be observed that for a same 

HDA content, the size of the Cu/HDA NPs increases with the temperature (Cu/1

ºC, 1.9 ± 0.4 nm; at 100 ºC, 3.0 ± 0.3 nm; and at 120 ºC, 5.0 ± 1.1 nm)

was already observed in other type of Cu NPs.98 Concerning the HDA content, 

no clear relation was observed for a fixed synthesis temperature, as the synthesised NPs of 

the Cu/HDA series were not really homogeneous and even aggregation is observed

summarizes the metal content of each synthesised material, as well as the 

size of the NPs established analysing the TEM images (Figures 53 to 60). 

Metal content and mean size of Cu/DDA and Cu/HDA NPs.

NP 

Synthesis 

Temperature 

(ºC) 

Cu 

content 

(%)a 

Mean size 

(nm)b 

Cu/0.08 eq. DDA 

80 

70.6 1.9 ± 0.1 

Cu/0.2 eq. HDA 88.9 3.7 ± 1.0 

Cu/0.4 eq. HDA 97.7 4.5 ± 0.6 

Cu/1 eq. HDA 55.2 1.9 ± 0.4 

Cu/0.4 eq. HDA 
100 

77.4 8.0 ± 3.0 

Cu/1 eq. HDA 57.1 3.0 ± 0.3 

Cu/1 eq. HDA 
120 

83.1 5.0 ± 1.1 

Cu/2 eq. HDA 80.8 10.8 ± 2.7 

OES analysis. bMean values of NP size determined from TEM 

images by considering at least 200 particles. 

samples, the metallic mass percentages in weight, determined by ICP

%, with the exception of Cu/1 eq. HDA NPs synthesised at 80

presented a Cu content in the range 55-57 %.  

TEM image of Cu/0.08 eq. DDA NPs synthesised at 80 ºC (scale bar 100

together with the respective size histogram. 
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It can be observed that for a same 

ases with the temperature (Cu/1 eq. 

ºC, 5.0 ± 1.1 nm), ten-

ning the HDA content, 

no clear relation was observed for a fixed synthesis temperature, as the synthesised NPs of 

the Cu/HDA series were not really homogeneous and even aggregation is observed in some 

nthesised material, as well as the 

 

and Cu/HDA NPs. 

, determined by ICP-OES, were in 

synthesised at 80 ºC and 100 

 
ºC (scale bar 100 nm) 
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Figure 54: TEM image of Cu/0.

Figure 55: TEM image of Cu/0.

Figure 56: TEM image of Cu/1 

Chapter 2: Synthesis and characterisation of metallic nanoparticles
________________________________________________________________

132 

TEM image of Cu/0.2 eq. HDA NPs synthesised at 80 ºC (scale bar 100

together with the respective size histogram. 

TEM image of Cu/0.4 eq. HDA NPs synthesised at 80 ºC (scale bar 100

together with the respective size histogram. 

TEM image of Cu/1 eq. HDA NPs synthesised at 80 ºC (scale bar 

gether with the respective size histogram. 
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ºC (scale bar 100 nm) 

 
ºC (scale bar 100 nm) 

 
ºC (scale bar 200 nm) to-
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Figure 57: TEM image of Cu/0.

Figure 58: TEM image of 

Figure 59: TEM image of Cu/
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TEM image of Cu/0.4 eq. HDA NPs synthesised at 100 ºC (scale bar 

together with the respective size histogram. 

TEM image of Cu/1 eq. HDA NPs synthesised at 100 ºC (scale bar 

together with the respective size histogram. 

TEM image of Cu/1 eq. HDA NPs synthesised at 120 ºC (scale bar 

together with the respective size histogram. 
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ºC (scale bar 200 nm) 

 
ºC (scale bar 200 nm) 

 
ºC (scale bar 200 nm) 
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Figure 60: TEM image 

To conclude this section

temperatures (80 ºC, 100

molar eq.) by the reduction

ous in size and an increase of the mean size with the temperature was observed

tests on the synthesis of Cu/

reproducibility.  

2.7 Conclusions 

In this Chapter 2, the synthesis and characterisation of different monometallic and bimetallic 

systems have been discussed. 

For the RuNi/PVP NPs

the formation of bimetallic NPs for the successful

sor. All the synthesised RuNi/PVP NPs were of less than 2

high Ni content, and had a core

denced to be in close vicinity in the NPs by shifts on XPS signals and the drastic decrease of 

magnetisation, certifying their bimetallic nature. 

For the RuNi/PPh2Py NPs

obtained with a core-shell structure with Ru in the core, even 

EXAFS for instance would be 

SS NMR allowed to observe the coordination of 

and Ni are in close vicinity by the drastic decrease of ma

Ru, pointing to a bimetallic nature

bimetallic NPs.  
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TEM image of Cu/2 eq. HDA NPs synthesised at 120 ºC (scale bar 200

together with the respective size histogram. 

section of Chapter 2, Cu/HDA NPs were synthesised at 

100 ºC and 120 ºC) and at different HDA contents (0.1, 0.2, 0.5 and 1 

reduction of [Cu(C9H11)]. In general, Cu/HDA NPs were not homogen

an increase of the mean size with the temperature was observed

tests on the synthesis of Cu/HDA NPs should be done to improve the homogeneity and 

 

the synthesis and characterisation of different monometallic and bimetallic 

systems have been discussed.  

NPs series, it was found the importance of the reaction tempera

the formation of bimetallic NPs for the successful decomposition of the Ni metallic 

sor. All the synthesised RuNi/PVP NPs were of less than 2 nm size, even the ones with 

high Ni content, and had a core-shell structure with Ru in the core. Ru and Ni were ev

denced to be in close vicinity in the NPs by shifts on XPS signals and the drastic decrease of 

magnetisation, certifying their bimetallic nature.  

Py NPs series, monometallic and bimetallic NPs of 2 nm or less were 

shell structure with Ru in the core, even if further studies using 

would be of interest to completely discard or not the alloy organisation. 

observe the coordination of the phosphine in the bimetallic NPs.

in close vicinity by the drastic decrease of magnetisation due to

bimetallic nature. Further analyses are needed to fully characterise th
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ºC (scale bar 200 nm) 

NPs were synthesised at three different 

ºC) and at different HDA contents (0.1, 0.2, 0.5 and 1 

In general, Cu/HDA NPs were not homogene-

an increase of the mean size with the temperature was observed. Further 

HDA NPs should be done to improve the homogeneity and 

the synthesis and characterisation of different monometallic and bimetallic 

the importance of the reaction temperature on 

decomposition of the Ni metallic precur-

, even the ones with 

ell structure with Ru in the core. Ru and Ni were evi-

denced to be in close vicinity in the NPs by shifts on XPS signals and the drastic decrease of 

lic NPs of 2 nm or less were 

further studies using 

to completely discard or not the alloy organisation. 

the phosphine in the bimetallic NPs. Ru 

due to the presence of 

Further analyses are needed to fully characterise these 
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RuNi/AdCOOH NPs were of less than 2 nm of size while a broad dispersion, which may 

be attributed to some agglomeration, was observed. Further analyses are needed to charac-

terise these species. 

For RuCu/PVP NPs series, the bimetallic NPs synthesised at 100 ºC were between 1.0 and 

1.2 nm size, even the ones with high Cu content. They possessed a core-shell structure with 

Ru in the core and Cu2O present on the surface, yet, not all Cu was incorporated onto the 

bimetallic NPs and some remained as clusters or isolated atoms, as evidenced EDX analyses. 

Monometallic Cu/PVP NPs presented two populations of NPs (1.3 nm and 4.9 nm) and the 

larger ones appeared to be hollowed, from TEM images. WAXS analysis points the Cu NPs 

are oxidised. Ru and Cu were evidenced to be in close vicinity as a drastic decrease of mag-

netisation was observed when Ru is present in the composition. 

Cu/HDA NPs were synthesised at different temperatures (80 ºC to 120 ºC) using molar eq. 

of 0.2, 0.4, 1 and 2 of HDA. A diversity of mean sizes was obtained for the different sam-

ples which, in general, were not homogeneous. 
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3.1 Introduction 

In the context of energy transition, lignocellulosic biomass has appeared as a promising 

renewable feedstock to replace fossil fuels for chemicals and energy production.1,2 Concern-

ing energy production, biofuels can be produced from bio-oil, containing plenty of oxygen-

ated groups, via hydrogenation or reduction reactions.3 One of these reduction methods, 

the hydrotreatment, can be directly integrated in the industry by using the same petroleum 

upgrading infrastructure. However, one of its drawbacks is the use of high pressures and 

temperatures, which may induce catalyst coking, a deactivation process of heterogeneous 

catalysts.4 

FF is a furan aldehyde which can be obtained from lignocellulosic biomass and possesses a 

great interest.5 Many commercial applications have been described, such as pesticides, in-

dustrial manufacturing, food flavouring, pharmaceuticals and personal care products, bond-

ing agent, phenolic resins or oil refining.6,7 Moreover, as a platform molecule it can produce 

a vast of molecules such as furan, furfuryl alcohol (HF), tetrahydrofurfuryl alcohol 

(HMTHF), tetrahydrofuran (THF), 1,2-pentanediol (1,2-PeD), 1,5-pentanediol (1,5-

PeD).5,8,9 

FF hydrogenation has been previously reported on Pt/C catalyst at 175 ºC with 80 bar of 

H2, obtaining full conversion and a 50 % selectivity towards HF;10 on Ni-Fe-B catalyst at 

200 ºC with 10 bar of H2,11 obtaining full conversion and full selectivity towards HF, results 

also obtained on Ni-Sn/TiO2 at 110 ºC with 30 bar of H2,12 on Cu-Ca/SiO2 at 130 ºC with 

1 bar of H2,13 or on Ir-ReOx/SiO2 at 30 ºC with 8 bar of H2.14 

QN is an N-heterocycle that can be found in natural products or pharmaceuticals, as it has a 

vast of biological activities, and its main use is the production of other chemicals. Some of 

the applications of QN and its derivatives are in the pharmaceutical industry, because of its 

antimalarial, anti-inflammatory, anticancer or antimicrobial activities,15,16 but also are useful 

for the conception of photovoltaic cells.17 

QN hydrogenation has been previously reported on Ru catalysts at 100 ºC with 10 bar of 

H2, obtaining 97 % of conversion with a 98 % selectivity to 1,2,3,4-tetrahydroquinoline (1-

THQ),18 or at 20 ºC with ~ 40 bar of H2, obtaining 90 % of conversion with a 64 % selec-

tivity to 1-THQ;19 or on Ni catalysts at 60 ºC with 20 bar of H2, obtaining a 21 % of con-

version being also 1-THQ the product obtained;20 or on Pd catalysts at 50 ºC with 10 bar of 

H2, obtaining full conversion and selectivity towards 1-THQ.21 
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3.2 Furfural hydrogenation using RuNi/PVP NPs as catalysts 

The RuNi/PVP NPs, described in Chapter 2, were used as catalysts for the selective hydro-

genation of FF (Scheme 1) at 125 ºC and a continuous pressure of 20 bar of H2. A magnetic 

stirring set up at 1200 rpm discards mass transfer limitations. Monometallic Ru/PVP and 

Ni/PVP NPs were also evaluated in the same conditions for comparison purpose. All the 

experimental details are given in Chapter 6. 

 

Scheme 1: Simplified reaction scheme of the selective catalytic hydrogenation of furfural 

into various valuable products. Furfural (FF), furfuryl alcohol (HF), tetrahydrofurfuryl alco-

hol (HMTHF), 2-methylfuran (MEF), and 2-methyltetrahydrofuran (MTHF). 

Table 1 summarises the results of the FF hydrogenation obtained in THF for the different 

synthesised Ru, Ni and RuNi NPs, stabilised with polyvinylpyrrolidone (PVP). The associ-

ated time-concentration curves are represented in Figure 1. 
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Table 1: Selective hydrogenation of FF in THF using Ru, Ni and RuNi/PVP nanocata-
lysts.a 

Entry Catalyst TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

HF 
(%)c 

HMTHF 
(%)c 

1 Ru/PVP 51 1 20 >99 <1 

2   5 51 >99 <1 

3   24 98 >99 <1 

4   29 100 >99 <1 

5 Ru3Ni1/PVP 52 1 16 98 2 

6   5 33 98 2 

7   24 93 98 2 

8   29 98 92 8 

9 Ru1Ni1/PVP 62 1 20 95 5 

10   5 42 96 4 

11   24 79 97 3 

12   29 84 97 3 

13 Ru1Ni3/PVP 51 1 18 92 8 

14   5 42 93 7 

15   24 85 94 6 

16   29 89 94 6 

17 Ru1Ni20/PVP 38 1 11 89 11 

18   5 26 92 8 

19   24 57 94 6 

20   29 63 93 7 

21 Ni/PVP 18d 1 9 79 21 

22   5 24 84 16 

23   24 44 85 15 

24   29 49 72 27 

aReaction conditions: 2 × 10−2 mmol of metal, 4 mmol of FF, 0.5 mmol of decane (internal stan-

dard), 20 bar of H2, 125 °C, 15 mL of THF. bTurnover frequency (TOFs) calculated at 1 h of 

reaction according to the surface amount of metal. cDetermined by Gas Chromatography (GC) 

using an internal standard technique. dTOF calculated at 1 h of reaction according to the total 

metal content. 
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Figure 1: Time-concentration curves for the selective hydrogenation of 

the catalysts (red square dots, 

The results in Figure 1 

genation of the aldehyde function

% of selectivity). With 

moted resulting into the production of 

and selectivity, the Ru/PVP NPs 

than 24 h full conversion and with a high selectivity (up to 99

in agreement with previously published 

(up to 96 %) with Ru/PVP NPs at 30

ºC) was used, being interesting to point out that, even at this temperature, the hydrogen

tion is completely selective to the aldehyde function.

strate was performed on Ru/PVP NPs in

understand the high selectivity

concentration curve is depicted in 
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concentration curves for the selective hydrogenation of FF

catalysts (red square dots, FF; green circle dots, HF; blue triangle dots, 

The results in Figure 1 evidence that the FF hydrogenation is highly selective to the hydr

genation of the aldehyde function, producing the alcohol HF as major product (72

 Ni-rich catalysts, further hydrogenation of the furfuryl ring is pr

the production of HMTHF (entries 17-24). Considering both

and selectivity, the Ru/PVP NPs provide the best catalytic performance, reach

h full conversion and with a high selectivity (up to 99 %) towards HF.

reviously published works which showed high selectivity towards HF 

%) with Ru/PVP NPs at 30 ºC.22,23 In our case, higher reaction temperature (125

ºC) was used, being interesting to point out that, even at this temperature, the hydrogen

tion is completely selective to the aldehyde function. An experiment using HF as

on Ru/PVP NPs in the same reaction conditions 

understand the high selectivity observed. Correspondingly, the associated 

concentration curve is depicted in Figure 2.  
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, further hydrogenation of the furfuryl ring is pro-

Considering both activity 

the best catalytic performance, reaching in less 

%) towards HF. This result is 

high selectivity towards HF 

e, higher reaction temperature (125 

ºC) was used, being interesting to point out that, even at this temperature, the hydrogena-

using HF as the sub-
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Chapter 3: Catalytic hydrogenation reactions of furfural and quinoline
 ________________________________

 

Figure 2: Time-concentration curves for the selective hydrogenation of 

Ru/PVP as catalyst (green circle dots, HF and blue triangle dots, 

The results in Figure 2 evidence

although it is less favoured than the re

(TOF) = 22 h-1 versus TOF = 51 h

HF compared to the FF on the surface of the Ru/PVP NP

by density functional theory (

the coordination of the C=O bond (η

voured compared with the coordination of the heteroaromatic ring

kcal·mol-1). This coordination facility of the aldehyde group agrees 

hydrogenation of this function. 

Significant solvent effects were observed for this catalytic system. 

PrOH) instead of THF revealed significant effects, showing high solvent dependency on 

the observed catalytic performances. 

when using 1-PrOH as a solvent under the same catalytic conditions 

for THF. The associated time
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concentration curves for the selective hydrogenation of H

Ru/PVP as catalyst (green circle dots, HF and blue triangle dots, 

The results in Figure 2 evidence that the hydrogenation of the heteroatomic ring occurs, 

although it is less favoured than the reduction of the aldehyde moiety (turnover freque

versus TOF = 51 h-1). This can be explained by a weaker adsorption of the 

HF compared to the FF on the surface of the Ru/PVP NPs. This hypothesis is confirmed

heory (DFT) calculations, detailed in Chapter 4, which 

coordination of the C=O bond (η1(O) or η2(C=O)) on a hydrogenated

voured compared with the coordination of the heteroaromatic ring (-12.0 kcal

. This coordination facility of the aldehyde group agrees with the preference of 

hydrogenation of this function.  

effects were observed for this catalytic system. The use of 

instead of THF revealed significant effects, showing high solvent dependency on 

the observed catalytic performances. Table 2 summarises the results of FF hydrogenation 

as a solvent under the same catalytic conditions as those 

The associated time-concentration curves are presented in Figure 3.
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HMTHF. 

that the hydrogenation of the heteroatomic ring occurs, 

urnover frequency 

This can be explained by a weaker adsorption of the 

s. This hypothesis is confirmed 

ter 4, which revealed that 

genated Ru NP is fa-

12.0 kcal·mol-1 vs. -7.1 

with the preference of 

The use of 1-propanol (1-

instead of THF revealed significant effects, showing high solvent dependency on 

Table 2 summarises the results of FF hydrogenation 

as those detailed above 

concentration curves are presented in Figure 3. 
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Table 2: Selective hydrogenation of FF in 1-PrOH using Ru, Ni and RuNi/PVP nanocata-
lysts.a 

Entry Catalyst TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

HF 
(%)c 

HMTHF 
(%)c 

Acetal 
(%)c, d 

1 Ru/PVP 104 (77) 1 39 50 1 49 

2   5 90 67 1 32 

3   24 >99 51 18 28e 

4   29 >99 41 26 28e 

5 Ru3Ni1/PVP 110 (95) 1 34 83 2 15 

6   5 71 81 2 17 

7   24 >99 82 2 15 

8   29 >99 78 2 19 
9 Ru1Ni1/PVP 149 (137) 1 47 92 3 5 
10   5 81 90 3 8 
11   24 >99 89 3 8 
12   29 >99 90 3 7 
13 Ru1Ni3/PVP 110 (92) 1 40 95 4 1 
14   5 71 94 4 2 
15   24 96 93 4 3 
16   29 97 93 4 3 
17 Ru1Ni20/PVP 103 (103) 1 30 93 7 - 

18   5 57 94 6 - 

19   24 87 94 6 - 

20   29 90 94 6 - 

21 Ni/PVP 31f 1 15 99 1 - 

22   5 43 88 6 6 

23   24 88 83 5 12 

24   29 93 83 5 12 

aReaction conditions: 2 × 10−2 mmol of metal, 4 mmol of FF, 0.5 mmol of decane (internal standard), 20 bar of 
H2, 125 °C, 15 mL of 1-propanol. bTOFs calculated at 1 h of reaction according to the surface amount of metal; 
in brackets: TOFs of hydrogenation reaction. cDetermined by GC using an internal standard technique. dDeter-
mined by Gas Chromatography-Mass Spectroscopy (GC-MS).e1,2 pentanediol also detected. fTOF calculated at 
1 h of reaction according to the total amount of metal. 
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Figure 3: Time-concentration curves for the selective hydrogenation of 

all the catalysts (red square dots, 

The TOF values are in all cases 

this higher performance cannot be

pared to THF.24–26 Furthermore, it can be pointed out 

NPs, where Ru is present at the surface (Table 2, entries 1

in Chapter 4, support these results 

sorbed on the surface of the hydrogenated Ru NP 

The TOF displayed by 

1, entry 17 vs. Table 2, entry 17

are increased ca. by twice. 

the 1-PrOH was also observed

2 when compared to THF
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concentration curves for the selective hydrogenation of FF

catalysts (red square dots, FF; green circle dots, HF; blue triangle dots, 

orange inversed triangle dots, acetal). 

in all cases higher in 1-PrOH than in THF (Table 1 

this higher performance cannot be attributed to a better solubility of H2

Furthermore, it can be pointed out the formation of acetal on Ru

NPs, where Ru is present at the surface (Table 2, entries 1-8). DFT calculations, discussed 

in Chapter 4, support these results evidencing that the presence of propanolate species a

sorbed on the surface of the hydrogenated Ru NP can induce higher activities.

displayed by Ru1Ni20/PVP in 1-PrOH is three times greater than in THF (

, entry 17) while the TOF values of all the other Ni-containing cata

by twice. Concerning the monometallic Ru/PVP NPs, a beneficial effect of 

observed, being also in this case the TOF values higher 

when compared to THF (Tables 1, entry 1 vs. Table 2, entry 1). This catalyst was 
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PrOH than in THF (Table 1 vs. Table 2), but 

2 in 1-PrOH com-

the formation of acetal on Ru-rich 

. DFT calculations, discussed 

that the presence of propanolate species ad-

higher activities. 

greater than in THF (Table 

containing catalyst 
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higher by a factor of 

. This catalyst was able to 
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catalyse the formation of acetal, which drops the selectivity 

competition with the FF 

(Ru/PVP, Ru3Ni1/PVP, and Ru

Ru1Ni3/PVP and Ru1Ni

the obtained results, a 

reaction and the Ru present on the surface of the NP

produced on monometallic Ru/PVP 

Ru1Ni1/PVP respectively

surface than with the total

on the surface, these results may also be as

ture. Being Ru/PVP an electron

occur. When increasing the Ni content in the NP

which has the effect of 

Apart from the acetal byproduct formation

tivity into HF as it promotes the hydrogenation of the heteroaromatic ring, which was i

peded when using THF. In Chapter 4, the difference of coordination 

ring in THF and 1-PrOH is discussed, being the latter the most favoured, which is in line 

with the experimental results. 

rately studied, using the same reaction conditions as described above. Figure 4 displays the 

corresponding time-concentration curves. 

Figure 4: Time-concentration curves for the selective hydrogenation of 

using Ru/PVP as catalyst (green circle dots, 

In this experiment, the heteroaromatic ring was efficiently reduced with a TOF value of 79 

h-1, similar to the TOF value for the hydrogenation of the aldehyde moiety (TOF = 77 h
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catalyse the formation of acetal, which drops the selectivity into HF. This reaction is

tion with the FF hydrogenation and, interestingly, it is related to the 

/PVP, and Ru1Ni1/PVP). Indeed, on catalysts with only Ni at the surface

Ni20/PVP NPs, the acetalisation reaction is not observed

 good correlation between the amount of acetal formed during the 

reaction and the Ru present on the surface of the NPs is found; 1.5 mmol of acetal were 

monometallic Ru/PVP vs. 0.5 and 0.3 mmol on Ru

/PVP respectively. These values correlate better with the Ru content on the NP 

total Ru amount in the catalysts. Moreover, apart from the Ru content 

results may also be assigned to electronic effects, compared to liter

Ru/PVP an electron-deficient nanocatalyst,27 acetalisation reactions

occur. When increasing the Ni content in the NPs, the Ru electron density

 eliminating or lowering the acetal formation.  

byproduct formation, the use of 1-PrOH is detrimental for the sele

as it promotes the hydrogenation of the heteroaromatic ring, which was i

peded when using THF. In Chapter 4, the difference of coordination ability

PrOH is discussed, being the latter the most favoured, which is in line 

with the experimental results. The hydrogenation of HF on Ru/PVP in 1

rately studied, using the same reaction conditions as described above. Figure 4 displays the 

concentration curves.  

 
concentration curves for the selective hydrogenation of 

using Ru/PVP as catalyst (green circle dots, HF; blue triangle dots, HMTHF; bright green 

square dots, 1,2-PeD). 

experiment, the heteroaromatic ring was efficiently reduced with a TOF value of 79 

, similar to the TOF value for the hydrogenation of the aldehyde moiety (TOF = 77 h
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This reaction is in 

hydrogenation and, interestingly, it is related to the Ru loading 

with only Ni at the surface 

the acetalisation reaction is not observed. Comparing 

good correlation between the amount of acetal formed during the 

mmol of acetal were 

Ru3Ni1/PVP, and 

correlate better with the Ru content on the NP 

. Moreover, apart from the Ru content 

signed to electronic effects, compared to litera-

acetalisation reactions28,29 can 

, the Ru electron density30 is increased 

PrOH is detrimental for the selec-

as it promotes the hydrogenation of the heteroaromatic ring, which was im-

ability of the aromatic 

PrOH is discussed, being the latter the most favoured, which is in line 

The hydrogenation of HF on Ru/PVP in 1-PrOH was sepa-

rately studied, using the same reaction conditions as described above. Figure 4 displays the 

concentration curves for the selective hydrogenation of HF in 1-PrOH 

HMTHF; bright green 

experiment, the heteroaromatic ring was efficiently reduced with a TOF value of 79 

, similar to the TOF value for the hydrogenation of the aldehyde moiety (TOF = 77 h-1), 
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evidencing a similar affinity for the Ru metallic surface in both cases. Comparing this TOF 

value to the one obtained in THF (Figure 2, TOF = 22 h-1), it can be concluded that 1-

PrOH facilitates the ring hydrogenation. Also, the C-O bond cleavage of the aromatic ring 

occurs, leading to the production of 1,2-PeD in a selectivity of 27 %, similar to some results 

already described for Ru-Mn,31 Ru/MnOx32 and Ru/Al2O333. 33 Ru/PVP modified with a 

long alkyl chain amine was able to produce 1,2-PeD directly from FF as well, in relatively 

high yields (36 %).34 

Figure 5 compares the TOF values and selectivities towards HF in both solvents (THF and 

1-PrOH) for all catalysts tested. A volcano shape tendency is displayed for the activity, cen-

tred on Ru1Ni1/PVP, which points to a synergetic effect between both metals. Monometal-

lic Ni/PVP was a slow catalyst compared to all the other ones, which could be explained by 

the size and shape of the NPs (5.6 ± 1.2 nm trigonal NPs). Moreover, concerning the selec-

tivity to HF, the Ni/PVP was the catalyst with the lowest performance among all the tested 

ones, as HMTHF was produced since the beginning of the reaction.  
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Figure 5: Turnover frequency (bars) and selectivity towards HF(dots) as function of the 

catalysts in the selective hydrogenation of FF in THF (dashed bars, square dots) and 1-

PrOH (green bars, circle dots). 

Comparing the Ni/PVP and the Ru1Ni20/PVP, it is important to highlight that the reaction 

is size-sensitive. The bimetallic Ru1Ni20/PVP NPs, which have a high Ni content (17.6 % in 

mass) and a mean size of 1.4 ± 0.3 nm, display 94 % of selectivity towards HF at ca. 57 % 

of conversion. The monometallic Ni/PVP, with a higher size and different shape, reached 
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only 72 % of selectivity to HF at ca. 49 % of conversion (Table 1). These results pointing 

out selectivity size dependence in THF may be of interest to obtain other interesting prod-

ucts such as MEF from FF or DMF from 2,5-hydroxymethylfurfural (HMF). The results 

obtained indicate that NPs of less than 2 nm are, in THF, less suitable for the hydrogena-

tion of the aromatic ring, although in 1-PrOH (Table 2), almost the same selectivity to 

HMTHF was obtained for all the Ni-containing catalysts. Regarding the catalytic reactions, 

size effects of NPs have already been reported in the past.35,36 In the case of FF hydrogena-

tion, size effects have also been previously described,37 specially for the hydrogenation of 

aldehyde function of FF on Pt NPs38 and Cu nanowires,39 without reaching the hydrogena-

tion of the aromatic ring. Furthermore, FF hydrogenation towards HMTHF is structure-

sensitive as was observed on a series of Ni/SiO2 catalysts with sizes from 2.6 to 12.8 nm. In 

larger Ni NPs, such as Ni/PVP, lower TOF values were obtained, meaning that in small 

NPs, the reduction of the aromatic ring was favoured.40 Even if it could seem that the re-

sults in this publication are opposed to our results, it is worth to mention that the large NPs 

described in this work have a 12 nm size and the small NPs are between 2.6 nm to 5.0 nm, 

which corresponds more to the mean size of our Ni/PVP NPs. 

Ru1Ni1/PVP NPs represented the perfect equilibrium between activity and selectivity, 

showing the highest TOF value with almost no ring hydrogenation and acetal formation. It 

is also important to highlight the catalytic performance of the Ru1Ni20/PVP NPs, regarding 

the high content of Ni present in the NP and the decrease of size compared to monometal-

lic Ni/PVP NPs. 

The spent nanocatalysts were analysed by transition electron microscopy (TEM) and the 

resulting catalytic solutions were filtered through an alumina path, evaporated until dryness 

and analysed by ICP. ICP results showed no leaching for the series of catalytic reactions 

performed in THF. Concerning the analyses of the catalysis in 1-PrOH, Ru and Ni were 

detected under the detection limit, except in the case of the Ru1Ni20/PVP NPs, for which 

ICP results evidenced a 15 % of catalyst leaching. This behaviour is attributed to the good 

solubility of PVP in 1-PrOH, which disfavours the catalyst separation. For the same reason, 

the catalyst recycling tests performed were not successful, being the separation of the cata-

lysts complicated in both solvents. Hot filtration experiments, consisting on filtering the 

catalysts from the reaction media after 1 h of reaction and reengaging the filtrate in catalysis 

under the same reaction conditions, showed that no additional products were obtained, 

evidencing the heterogeneous nature of the used Ru1Ni1/PVP catalyst (Figure 6). 
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Figure 6: Time-conversion curves for the hot filtration experiment of the selective hydr

genation of FF in THF 

TEM analyses after catalysis do not display any significant changes in whether size or shape, 

with the exception of the 

18). In 1-PrOH, this catalyst 

lated to the high leaching observed for this catalyst, increasing the NP size probably due to 

Ostwald ripening. The size and the shape of the monometallic Ni/PVP

during the reaction although it is a more robust catalyst as no lea

case. The size evolution observed for

the other systems, the Ru stabilises the Ni atoms on the surface of the NPs, being an adva

tage for avoiding leaching in catalytic hydrogen

Table 3:

NP 

Ru/PVP 
Ni/PVP 

Ru3Ni1/PVP 
Ru1Ni1/PVP 
Ru1Ni3/PVP 
Ru1Ni20/PVP 

aMean values of NP size determined from TEM images by considering at least 200 particles. 
shaped NPs. cIrregularly shaped 
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conversion curves for the hot filtration experiment of the selective hydr

in THF on Ru1Ni1/PVP catalyst in a non-filtered reaction (grey square dots) 

and in a filtered reaction (red circle dots). 

TEM analyses after catalysis do not display any significant changes in whether size or shape, 

with the exception of the Ru1Ni20/PVP NPs when using 1-PrOH (Table3 and Figures 7 to 

this catalyst showed a broadening size distribution, which ma

lated to the high leaching observed for this catalyst, increasing the NP size probably due to 

The size and the shape of the monometallic Ni/PVP 

during the reaction although it is a more robust catalyst as no leaching was detected in this 

evolution observed for Ni/PVP and Ru1Ni20/PVP catalysts evi

Ru stabilises the Ni atoms on the surface of the NPs, being an adva

tage for avoiding leaching in catalytic hydrogenations in liquid-phase.41 

Table 3: Mean size of metal NPs before and after catalysis

Mean size  
before catalysis 

(nm)a 

Mean size  
after catalysis in THF 

(nm)a 

Mean size 
after catalysis in 

1.1 ± 0.2 1.6 ± 0.3 1.5 ± 0.3
5.5 ± 1.2b 4.4 ± 0.5c 4.7 ± 1.6
1.5 ± 0.3 1.4 ± 0.4 1.6 ± 0.5
1.5 ± 0.3 1.5 ± 0.4 1.4 ± 0.4
1.2 ± 0.2 1.3 ± 0.3 1.5 ± 0.6
1.4 ± 0.3 1.6 ± 0.3 2.2 ± 0.8

size determined from TEM images by considering at least 200 particles. 
Irregularly shaped NPs. 
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TEM analyses after catalysis do not display any significant changes in whether size or shape, 

PrOH (Table3 and Figures 7 to 
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lated to the high leaching observed for this catalyst, increasing the NP size probably due to 

 NPs also evolved 

ching was detected in this 

/PVP catalysts evidences that, in 

Ru stabilises the Ni atoms on the surface of the NPs, being an advan-

s before and after catalysis. 

Mean size  
after catalysis in 1-PrOH 

(nm)a 

1.5 ± 0.3 
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size determined from TEM images by considering at least 200 particles. bTripodal 
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Figure 7: TEM image of Ru/PVP after catalysis in THF (scale bar 100

Figure 8: TEM image of Ru

Figure 9: TEM image o
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TEM image of Ru/PVP after catalysis in THF (scale bar 100 nm) together with 

the respective size histogram. 

TEM image of Ru3Ni1/PVP after catalysis in THF (scale bar 50

with the respective size histogram. 

TEM image of Ru1Ni1/PVP after catalysis in THF (scale bar 100

with the respective size histogram. 
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Figure 10: TEM image of Ru

Figure 11: TEM image of Ru

Figure 12: TEM image of Ni/PVP after catalysis in THF (scale bar 100
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TEM image of Ru1Ni3/PVP after catalysis in THF (scale bar 50

with the respective size histogram. 

TEM image of Ru1Ni20/PVP after catalysis in THF (scale bar 100

with the respective size histogram. 

TEM image of Ni/PVP after catalysis in THF (scale bar 100 nm) together with 

the respective size histogram. 

Chapter 3: Catalytic hydrogenation reactions of furfural and quinoline 
_______________________________________  

 
/PVP after catalysis in THF (scale bar 50 nm) together 

 
/PVP after catalysis in THF (scale bar 100 nm) together 

 
nm) together with 



Chapter 3: Catalytic hydrogenation reactions of furfural and quinoline
 ________________________________

 

Figure 13: TEM image of Ru/PVP after catal

Figure 14: TEM image of Ru

Figure 15: TEM image of Ru
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TEM image of Ru/PVP after catalysis in 1-PrOH (scale bar 100

with the respective size histogram. 

TEM image of Ru3Ni1/PVP after catalysis in 1-PrOH (scale bar 100

gether with the respective size histogram. 

TEM image of Ru1Ni1/PVP after catalysis in 1-PrOH (scale bar 50

with the respective size histogram. 
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Figure 16: TEM image of Ru

Figure 17: TEM image of Ru

Figure 18: TEM image of Ni/PVP after catalysis in 1

To sum up this section of Chapter 3, synergetic 

in both THF and 1-PrOH, following a volcano shape tendency centred at

catalyst for the TOF values obtained. 

selectivity towards HF was o

opening of the ring, leading to HMTHF and 1,2

Ru/PVP NPs in 1-PrOH. In general, no leaching was observed during the catalytic rea

tions, with the only exception of Ru
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TEM image of Ru1Ni3/PVP after catalysis in 1-PrOH (scale bar 50

with the respective size histogram. 

TEM image of Ru1Ni20/PVP after catalysis in 1-PrOH (scale bar 100 nm) t

gether with the respective size histogram. 

TEM image of Ni/PVP after catalysis in 1-PrOH (scale bar 100 nm) together 

with the respective size histogram. 

To sum up this section of Chapter 3, synergetic effects between Ru and Ni were observed 

PrOH, following a volcano shape tendency centred at

for the TOF values obtained. Moreover, solvents effects were observed and 

selectivity towards HF was observed in all cases. Further hydrogenation of the ring and the 

opening of the ring, leading to HMTHF and 1,2-PeD respectively, were reached on 

PrOH. In general, no leaching was observed during the catalytic rea

tions, with the only exception of Ru1Ni20/PVP NPs in 1-PrOH, associated to the Ostwald 
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ripening effect for an increase of its mean size. As future perspectives, it would be interest-

ing to test the same reaction by substituting 1-PrOH by H2O, to further study the forma-

tion of 1,2-PeD, and to test other RuNi catalyst being Ni in the core or by using other stabi-

lisers. 

3.3 Furfural hydrogenation using RuCu/PVP NPs as catalysts 

The RuCu/PVP NPs, described in Chapter 2, were evaluated as catalysts in the selective 

hydrogenation of FF (Scheme 1) in the same reaction conditions as for the RuNi systems 

but using 1-PrOH as solvent (T=125 ºC; H2 pressure of 20 bar). A magnetic stirring set up 

at 1200 rpm discards mass transfer limitations. All the experimental details are given in 

Chapter 6. 

Table 4 summarises the results of the FF hydrogenation obtained in 1-PrOH for the differ-

ent synthesised Ru, Cu and RuCu NPs, stabilised with PVP. The associated time-

concentration curves are represented in Figure 19 and the different TOF values and selec-

tivities towards HF on the Ru and/or Cu NPs are presented in Figure 20. 

Table 4: Selective hydrogenation of FF in 1-PrOH using Ru, Cu and RuCu/PVP nanocata-
lysts.a 

Entry Catalyst 
TOF 

(h-1)b, c 
Time 
(h) 

Conversion 
(%)c 

HF 
(%)c 

Acetal 
(%)c, d 

1 Ru/PVP 129 (124) 1 40 96 4 
2   5 90 97 3 
3   24 100 97 3 
4   29 100 97 3 
5 Ru2Cu1/PVP 32 1 12 99 1 
6   5 42 97 3 
7   24 96 89 11 
8   29 99 90 10 
9 Ru1Cu1/PVP 42  1 18 100 0 
10   5 41 97 3 
11   24 94 86 14 
12   29 97 86 14 
13 Ru1Cu2/PVP 41  1 17 100 0 
14   5 46 99 1 
15   24 95 96 4 
16   29 98 96 4 
17 Cu/PVP 136 1 11 100 0 
18   5 33 99 1 
19   24 75 93 7 
20   29 83 92 8 

aReaction conditions: 2 × 10−2 mmol of metal, 4 mmol of FF, 0.5 mmol of decane (internal stan-
dard), 20 bar of H2, 125 °C, 15 mL of 1-PrOH. bTOFs calculated at 1 h of reaction according to 
the surface amount of metal; in brackets: TOFs of hydrogenation reaction. cDetermined by GC us-
ing an internal standard technique. dDetermined by GC-MS. e1,2 pentanediol also detected. fTOF 
calculated at 1 h of reaction according to the total amount of metal. 
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Figure 19: Time-concentration curves for the selective hydrogenation of FF in 1-PrOH 

using Ru, Cu and RuCu/PVP catalysts (black square dots, FF; red circle dots, HF; blue 

triangle dots, acetal). 
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Figure 20: Turnover frequency (bars) and selectivity towards HF(dots) as function of cata-

lysts in the selective hydrogenation of FF in 1-PrOH. 

The TOF values obtained with the monometallic Ru and Cu NPs were higher than those 

obtained with the bimetallic RuCu/PVP. Moreover, the Cu/PVP NPs are the only tested 

catalyst which does not reach full conversion after 24 h. Furthermore, the acetal formation 
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was observed on all the different NP surfaces, decreasing the selectivity of the FF hydro-

genation towards HF, but in a much lower content than the observed with RuNi/PVP NPs. 

The highest selectivities towards acetal were obtained on Ru1Cu1/PVP and Ru2Cu1/PVP 

(14 % and 10 % after 29 h of reaction, respectively), observing a difference in the acetal 

formation depending on the catalyst composition, a higher Cu content leading to less acetal. 

As pointed out previously, the acetal formation is favoured by acidic conditions,42–44 such as 

electron-deficient Ru nanocatalysts,27 such as our Ru/PVP catalytic system.45  

Knowing that Cu2O is present in the catalysts (see Chapter 2) and that copper oxide is 

known to be basic and can replace bases in some reactions;46 its presence could be the cause 

of the reduction of acetal formation for the bimetallic catalysts. The basicity of Cu2O, which 

is present in our NPs, may explain the decrease of acetal formation in the RuCu/PVP sys-

tems compared to the RuNi/PVP ones. 

Interestingly, the selectivity of the Ru/PVP NPs synthesised at 100 ºC in the RuCu/PVP 

series, as their catalytic activity changes from that of the Ru/PVP NPs synthesised at 85 ºC 

in the RuNi/PVP series (Figure 21), as the former does not produce acetal, in contrast to 

the later. 
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Figure 21: Selectivity towards HF (dots) over time as function of the temperature of the 

synthesis of the Ru/PVP NPs for the selective hydrogenation of FF in 1-PrOH. 

As can be observed, Figure 21 displays a loss of selectivity with the Ru/PVP synthesised at 

85 ºC, when leaving the catalytic reaction overnight, resulting from the formation of acetal. 

The divergence of catalytic performance, depending on the Ru NPs synthesis temperature, 
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may derive from differences on the

needed to elucidate the origin of the different selectivities

TEM analyses after catalysis do not

except for the Cu/PVP NPs. 

size distribution (Table 5 and Figures 22 to 26), 

of the monometallic Cu/PVP

catalysis is diverse, showing a non homogeneous population of NPs

Table 5: Mean size of Ru and Cu with PVP 

NP

Ru/PVP

Ru2Cu1/PVP
Ru1Cu1/PVP

Ru1Cu2/PVP

Cu/PVP
aMean values of 
200 particles.

 

Figure 22: TEM image of Ru/PVP after catalysis in 1

Figure 23: TEM image of Ru
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differences on the metallic structure of the NPs. Further analyses are 

needed to elucidate the origin of the different selectivities. 

TEM analyses after catalysis do not display any significant changes in whether size or shape, 

Cu/PVP NPs. After catalysis in 1-PrOH, this catalyst showed a broadening 

size distribution (Table 5 and Figures 22 to 26), in a range between 4 and 14 nm

Cu/PVP evolved during the reaction and the shape distribution

, showing a non homogeneous population of NPs (Figure 26)

Mean size of Ru and Cu with PVP NPs before and after catalysis

NP 
Mean size  

before catalysis 
(nm)a 

Mean size 
after catalysis in 1

(nm)a 

Ru/PVP 1.6 ± 0.3 1.4 ± 0.2 

Ru2Cu1/PVP 1.2 ± 0.3 1.3 ± 0.1 

Ru1Cu1/PVP 1.0 ± 0.2 1.2 ± 0.1 

Ru1Cu2/PVP 1.0 ± 0.1 1.0 ± 0.2 

Cu/PVP 4.9 ± 1.0 9.0 ± 5.0 
Mean values of NP size determined from TEM images by considering at least 

200 particles. 

TEM image of Ru/PVP after catalysis in 1-PrOH (scale bar 100 nm) together 

with the respective size histogram. 

TEM image of Ru2Cu1/PVP after catalysis in 1-PrOH (scale bar 100 nm) t

gether with the respective size histogram. 
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(Figure 26).  
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Figure 24: TEM image of Ru

Figure 25: TEM image of Ru

Figure 26: TEM image of Cu/PVP after catalysis in 1

To sum up this section of Chapter 3, a 

series of Ru and/or Cu/PVP NPs, being the monometallic catalysts the ones with higher 

TOF values. Acetal formation was also observed, even if in less amount than for 

RuNi/PVP catalysts from section 

basic Cu2O in the RuC

except for the Cu/PVP remained unchanged after the catalytic reaction.
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TEM image of Ru1Cu1/PVP after catalysis in 1-PrOH (scale bar 50 nm) t

gether with the respective size histogram. 

TEM image of Ru1Cu2/PVP after catalysis in 1-PrOH (scale bar 50 nm) t

gether with the respective size histogram. 

TEM image of Cu/PVP after catalysis in 1-PrOH (scale bar 200 nm) together 

with the respective size histogram. 

To sum up this section of Chapter 3, a high selectivity towards HF was obtained for all the 

series of Ru and/or Cu/PVP NPs, being the monometallic catalysts the ones with higher 

TOF values. Acetal formation was also observed, even if in less amount than for 

RuNi/PVP catalysts from section 3.2, which could be explained by the presence of the 

O in the RuCu/PVP NPs. Concerning the stability, the mean size of all the NPs 

except for the Cu/PVP remained unchanged after the catalytic reaction. As future perspe
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tives, it would be interesting to test in catalysis the synthesised Cu/HDA NPs described in 

section 2.6 of Chapter 2 and also to try RuCu NPs, being Cu in the core. 

3.4 Quinoline hydrogenation using RuNi NPs as catalysts 

Ru1Ni1/PVP NPs, described in Chapter 2, were also used as catalysts in the selective hydro-

genation of QN (Scheme 2) in 1-PrOH at different temperatures and keeping a continuous 

pressure of 35 bar of H2. A magnetic stirring set up at 1200 rpm discards mass transfer 

limitations. All the experimental details are given in Chapter 6. 

QN

+ H2 + H2

N

1 - THQ

N
H

DHQ

N
H

+ H 2

5 - THQ

N

+ H
2

 

Scheme 2: Simplified reaction scheme of the selective catalytic hydrogenation of Quinoline 

into various valuable products. Quinoline (QN), 1,2,3,4-Tetrahydroquinoline (1-THQ), 

5,6,7,8-Tetrahydroquinoline (5-THQ), and Decahydroquinoline (DHQ). 

The synthesis of 1-THQ from the partial hydrogenation of QN, or substituted homologues, 

has been described to be catalysed by different metals47,48 such as Pt,49 Pd,50 Co,51 Ni,52,53 

Ru,54,55 Rh,56,57 Ir,58,59 Os60 and Mo.61 

Table 6 summarises the results of QN hydrogenation in 1-PrOH obtained for the bimetallic 

Ru1Ni1/PVP NPs. The associated time-concentration curves are represented in Figure 27. 

The reaction conditions have been chosen after an unpublished work in our group dealing 

with Ru catalysts, and the literature survey. Different temperatures were tested. Figure 28 

depicts the TOF values and the selectivity vs. the reaction temperature. The results obtained 

at these different temperatures were used to calculate the activation energy (Ea), by the 

Arrhenius equation (Equation 1) and its linear rearrangement (Equation 2), which is equal 

to 23 kJ·mol-1.  
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Table 6: Selective hydrogenation of QN in 1-PrOH using Ru1Ni1/PVP catalyst at different 
temperatures.a 

Entry T 
(°C) 

TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

1-THQ 
(%)c 

5-THQ 
(%)c 

DHQ 
(%)c 

N.D. 
(%)c, d 

DHPQ 
(%)c, e 

1-THPQ 
(%)c, e 

1 20 2 1 1 100 0 0 0 0 0 

2 
  

5 4 94 6 0 0 0 0 

3 
  

24 7 95 5 0 0 0 0 

4 
  

29 11 94 5 1 0 0 0 

5 50 13 1 4 76 5 0 0 0 19 

6 
  

5 9 80 6 2 5 0 7 

7 
  

24 25 81 5 4 9 0 2 

8 
  

29 29 80 5 4 9 0 2 

9 
  

48 39 81 5 4 9 0 1 

10 75 15 1 4 73 5 0 7 0 15 

11 
  

5 14 77 5 0 7 0 15 

12 
  

24 44 84 3 3 9 0 1 

13 
  

29 51 85 3 3 8 0 1 

14 100 24 1 1 85 6 0 0 0 9 

15 
  

5 15 90 5 2 2 0 2 

16 
  

24 63 93 3 2 1 0 0 

17 
  

29 75 93 3 2 1 0 0 

18 
  

48 93 94 3 2 1 1 0 

19 125 62 1 10 82 16 0 2 0 0 

20 
  

5 56 86 11 0 3 0 0 

21 
  

24 98 84 7 1 2 6 1 

22 
  

29 100 83 6 0 2 8 1 

23 
  

47 97 76 6 0 0 14 3 

24 150 117 1 23 85 10 0 4 0 0 

25 
  

5 99 91 5 0 2 1 1 

26 
  

24 100 84 4 0 2 6 4 

27 
  

29 100 80 4 0 2 8 7 

Entry T 
(°C) 

TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

1-THQ 
(%)c 

5-THQ 
(%)c 

DHQ 
(%)c 

N.D. 
(%)c, d 

DHPQ 
(%)c, e 

1-THPQ 
(%)c, e 

28 
  

48 100 74 3 0 6 9 8 
aReaction conditions: 2 × 10−2 mmol of metal, 4 mmol of QN, 0.5 mmol of dodecane (internal 
standard), 35 bar of H2, 15 mL of 1-PrOH. bTOFs calculated at 1 h of reaction according to the 
surface amount of metal. cDetermined by GC using an internal standard technique. dNon-
determined product. eDetermined by GCMS. 

 



Chapter 3: Catalytic hydrogenation reactions of furfural and quinoline 
 _______________________________________________________________________  

167 
 

0 5 10 15 20 25 30
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

m
m

ol

time (h)

20 ºC

0 10 20 30 40 50
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

m
m

ol

time (h)

50 ºC

0 5 10 15 20 25 30
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

m
m

ol

time (h)

75 ºC

0 10 20 30 40 50
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

m
m

ol

time (h)

100 ºC

0 10 20 30 40 50
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

m
m

ol

time (h)

125 ºC

0 10 20 30 40 50
0,0

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

4,5

m
m

ol

time (h)

150 ºC

Figure 27: Time-concentration curves for the selective hydrogenation of QN in 1-PrOH 

on Ru1Ni1/PVP catalyst at different temperatures (black square dots, QN; red circle dots, 1-

THQ; blue triangle dots, 5-THQ; green inversed triangle dots, DHQ; violet twisted square 

dots, non-determined (N.D.); brown twisted triangle dots, decahydro-1-propyl-quinoline 

(DHPQ); light blue twisted triangle dots, 1,2,3,4-tetrahydro-n-propyl-quinoline (1-THPQ)). 
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Figure 28: Turnover frequency (bars) and selectivity towards 1-THQ (dots) as function of 

the reaction temperature in the selective hydrogenation of QN in 1-PrOH on the 

Ru1Ni1/PVP catalyst. 
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At all tested temperatures, the selectivity towards the semi hydrogenated product, 1-THQ, 

was high (73 to 99 %) and with very low formation of the fully hydrogenated product, DHQ. 

It is worth mentioning that the condensation products of 1-THQ and DHQ with the solvent 

were also detected (Schemes 3 and 4),   

 

Scheme 3: Simplified reaction scheme of the condensation reaction between 1-THQ and 1-

PrOH on Ru1Ni1/PVP catalyst, forming 1-THPQ. 
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Scheme 4: Simplified reaction scheme of the condensation reaction between DHQ and 1-

PrOH on Ru1Ni1/PVP catalyst, forming DHPQ. 

Condensation reactions between alcohols and amines have already been known and reported 

in the literature. Several metals have been studied for this type of reactions such as Rh,62 

Co,63,64 Ir,65–67 Pd,68–70 Cu,71 Au,72 Fe,73,74 Mn,75,76 Ni,77 but, Ru-based catalysts are the most 

common.78–81  

Together with the monometallic Ru and Ni systems, the catalytic performance has been 

further studied in the same reaction at 150 ºC. Table 7 summarises the results of QN hy-

drogenation in 1-PrOH at 150 ºC on Ni/PVP, Ru1Ni1/PVP and Ru/PVP. The associated 

time-concentration curves are presented in Figure 29. Figure 30 depicts TOFs and selectiv-

ity towards catalyst composition. 

Table 7: Selective hydrogenation of QN in 1-PrOH at 150 ºC.a 

Entry Catalyst TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

1-THQ 
(%)c 

5-THQ 
(%)c 

DHQ 
(%)c 

N.D. 
(%)c, d 

DHPQ 
(%)c, e 

1-THPQ 
(%)c, e 

1 Ni/PVP 37 1 10 34 0 0 66 0 0 

2 
  

5 29 59 1 0 40 0 0 

3 
  

24 83 87 0 0 12 0 1 

4 
  

29 94 88 0 0 11 0 1 

5 
  

48 100 73 0 0 25 0 2 

6 Ru1Ni1/PVP 117 1 23 85 10 0 4 0 0 

7 
  

5 99 91 5 0 2 1 1 

8 
  

24 100 84 4 0 2 6 4 

9 
  

29 100 80 4 0 2 8 7 

10 
  

48 100 74 3 0 6 9 8 

11 Ru/PVP  322 1 89 89 7 2 0 1 0 

12 
  

5 100 86 6 2 0 5 0 

13 
  

24 100 78 6 0 0 14 2 

14 
  

29 100 77 6 0 0 15 2 

15 
  

48 99 75 6 0 0 16 3 

aReaction conditions: 2 × 10−2 mmol of metal, 4 mmol of QN, 0.5 mmol of dodecane (internal standard), 35 
bar of H2, 150 ºC, 15 mL of 1-PrOH. bTOFs calculated at 1 h of reaction according to the surface amount of 
metal. cDetermined by GC using an internal standard technique. dNon-determined product. eDetermined by 
GCMS. 
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Figure 29: Time-concentration curves for the selective hydrogenation of QN in 1-PrOH at 

150 ºC (black square dots, QN; red circle dots, 1-THQ; blue triangle dots, 5-THQ; green 

inversed triangle dots, DHQ; violet twisted square dots, N.D.; brown twisted triangle dots, 

DHPQ; light blue twisted triangle dots, 1-THPQ). 

All three catalysts selectively produced 1-THQ, but some differences were observed. 

Ru/PVP displayed the highest activity, as expected taking into consideration previous re-

ported works.18,82,83 Ni/PVP displayed TOFs comparable to previously described Ni cata-

lysts.20,84 Ru1Ni1/PVP TOF is estimated to be intermediary between those of Ru/PVP and 

Ni/PVP. This result appears to be in opposition of a synergistic effect between both metals 

in this reaction. Regarding selectivity, the three catalysts were highly selective to the forma-

tion of 1-THQ; nevertheless, concerning the by-products, subtle differences were observed. 

Ru/PVP is active in the N-alkylation of 1-THQ and DHQ with 1-PrOH, producing the 

corresponding N-alkylated products around 20 % at long reaction times. On the other side, 

Ni/PVP, did not produce these two N-alkylated products, but an unidentified product at a 

selectivity of 25 %, which needs to be characterised to provide further explanations. Lastly, 

Ru1Ni1/PVP was slightly better in terms of selectivity than its corresponding Ru catalyst, 

reaching a selectivity of 91 % towards 1-THQ at full conversion. 
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Figure 30: Turnover frequency (bars) and selectivity towards 1-THQ (dots) as function of 

the catalyst used in the selective hydrogenation of QN in 1-PrOH performed at 150 ºC. 

Then, the catalytic performances of the monometallic Ru/PVP and Ru/ PPh2Py and the 

bimetallic RuNi/PVP and RuNi/PPh2Py nanocatalysts were compared for QN hydrogena-

tion at 20 ºC and 125 ºC respectively. The reaction was performed using the same reaction 

conditions described above, except for the temperature which was room temperature (RT) 

for the monometallic Ru and 125 ºC for the bimetallics. Results are summarized in Table 8; 

time-concentration curves are depicted in Figure 31. 
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Table 8: Selective hydrogenation of QN in 1-PrOH with monometallic Ru catalysts at 20 
ºC and with bimetallic RuNi catalysts at 125 ºC.a 

Entry Catalyst T 
(ºC) 

TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

1-THQ 
(%)c 

5-THQ 
(%)c 

DHQ 
(%)c 

N.D. 
(%)c, d

DHPQ 
(%)c, e 

1-THPQ 
(%)c, e 

1 Ru/PVP 20 31 1 6 95 5 0 0 0 0 

2 
 

 
 

5 31 94 5 1 0 0 0 

3 
 

 
 

24 93 92 5 2 0 0 0 

4 
 

 
 

29 99 92 5 3 0 0 0 

5 Ru /PPh2Py 20 17 1 4 81 0 0 0 0 19 

6 
 

 
 

5 11 94 0 0 2 0 4 

7 
 

 
 

24 35 97 0 0 2 0 0 

8 
 

 
 

29 38 97 1 0 2 0 0 

9 RuNi/PVP 125 62 1 10 82 16 0 2 0 0 

10 
 

 
 

5 56 86 11 0 3 0 0 

11 
 

 
 

24 98 84 7 1 2 6 1 

12 
 

 
 

29 100 83 6 0 2 8 1 

13 RuNi/PPh2Py 125 64 1 3 76 2 0 19 0 3 

14 
 

 
 

5 33 82 2 0 16 0 1 

Entry Catalyst T 
(ºC) 

TOF 
(h-1)b, c 

Time 
(h) 

Conversion 
(%)c 

1-THQ 
(%)c 

5-THQ 
(%)c 

DHQ 
(%)c 

N.D. 
(%)c, d

DHPQ 
(%)c, e 

1-THPQ 
(%)c, e 

15 
 

 
 

24 95 90 1 0 8 0 0 

16 
 

 
 

29 99 90 1 0 7 0 0 

aReaction conditions: 2 × 10−2 mmol of metal, 4 mmol of QN, 0.5 mmol of dodecane (internal standard), 35 
bar of H2, 20 ºC, 15 mL of 1-PrOH. bTOFs calculated at 1 h of reaction according to the surface amount of 
metal. cDetermined by GC using an internal standard technique. dNon-determined product. eDetermined by 
GCMS. 
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Figure 31: Time-concentration curves for the selective hydrogenation of QN in 1-PrOH 

with monometallic Ru catalysts (left) at 20 ºC and with bimetallic RuNi catalysts (right) at 

125 ºC (black square dots, QN; red circle dots, 1-THQ; blue triangle dots, 5-THQ; green 

inversed triangle dots, DHQ; violet twisted square dots, N.D.; brown twisted triangle dots, 

DHPQ; light blue twisted triangle dots, 1-THPQ). 

The Ru/PVP system was active at RT, displaying a TOF = 31 h-1, a full conversion was 

attained at 24 h of reaction, and a selectivity of 92 % towards 1-THQ. The presence of a 

phosphine onto the surface of the Ru/PPh2Py NPs, hampered the reaction, and a lower 

activity was observed with a TOF = 17 h-1. This result is in line with previous results ob-

tained for the selective hydrogenation of FF using a Ru-based catalyst, modified with the 

diphenylphosphinopyridine (PPh2Py) ligand.34  

The RuNi/PVP bimetallic system at 125 ºC showed a high activity (TOF = 62 h-1), display-

ing a full conversion at 24 h of reaction. The same results were obtained with RuNi/PPh2Py 

displaying the same TOF value (64 h-1) as the PVP-stabilised catalyst. Concerning the selec-

tivity, 84 % and 90 % towards 1-THQ were obtained for RuNi/PVP and Ru/PPh2Py re-

spectively. In the PVP-stabilised, 1-THPQ and DHPQ were obtained as minor products 

from the condensation of the amine products with the solvent (1-PrOH), while in the 

phosphine stabilised catalyst, a non-determined product was obtained. For this reason, to 
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better conclude on the ligand effect for QN hydrogenation, further reactions should be 

carried out. 

To sum up this section of Chapter 3, a high selectivity towards 1-THQ was obtained for 

both monometallic and bimetallic PVP and phosphine stabilised catalysts. Some minor 

products were detected, two of them produced from the condensation of 1-THQ and 

DHQ with 1-PrOH leading to N-alkylation reactions. A dependence on the reaction tem-

perature for the activity of the catalysts was also observed. As future perspectives, it would 

be interesting to determine a third minor detected product, to better understand the system 

reactivity, and further studies for the comparison between the PVP and the phosphine cata-

lysts are also of great interest. 

3.5 Conclusions 

In this chapter, bimetallic nanomaterials, RuNi and RuCu, were tested as catalysts in the 

selective hydrogenations of FF and QN, in comparison with their monometallic counter-

parts. Interesting results have been obtained; some of them being rationalized by DFT cal-

culations (see Chapter 4).  

RuNi/PVP displayed synergetic effects between both metals in the hydrogenation of FF, 

which were maximised at a composition Ru/Ni = 1. Solvent effects were also observed in 

this reaction being supported by DFT calculations, as detailed further in Chapter 4. Theo-

retical results point to differences of adsorption energies of the reactants due to the pres-

ence of propanolate species onto the NP surface when using 1-PrOH as solvent, which is 

beneficial for the catalytic performance.  

Cu/PVP NPs showed promising catalytic performances for the hydrogenation of FF, giving 

activities similar to those observed on pure Ru/PVP nanocatalyst. Unfortunately, 

RuCu/PVP NPs displayed lower catalytic performances than their monometallic counter-

parts; nevertheless the properties of these catalysts could be of interest for other catalytic 

transformations.  

Ru1Ni1/PVP nanocatalysts were less performants in QN hydrogenation, compared to FF 

hydrogenation, even if high selectivity towards 1-THQ was obtained. N-alkylation reactions 

were also observed by the condensation of 1-THPQ and DHQ products with 1-PrOH as 

minor products. 

As future perspectives, FF hydrogenation on RuNi/PVP NPs in H2O instead of 1-PrOH 

would be interesting to study the 1,2-PeD production. Moreover, for FF hydrogenation 

tests with other catalysts such as Cu/HDA NPs or with bimetallic NPs with Cu or Ni in the 
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core will also be of interest. Finally, for QN hydrogenation, for a better comparison be-

tween the PVP-stabilised and the PPh2Py-stabilised catalysts, further studies should be per-

formed. 
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4.1 Introduction 

In Chapters 1 and 2, the need to find high performing catalysts for the implementation in 

the industry of lignocellulosic biomass, as an alternative to fossil fuels, was discussed. Den-

sity functional theory (DFT) studies have risen as a useful tool for the simulation and design 

of high performing materials for numerous applications like, for example, –C-H olefina-

tion.1 Some of the applications of DFT studies are: calculation of electronic structures of 

materials with correlated electrons,2–4 electrodynamics of materials with correlated elec-

trons,5,6  analysis of structural, magnetic and spectroscopic properties of metal complexes,7 

investigation of large molecules such as proteins,8 analysis of the hydration, molecular dock-

ing and effect of biomolecules in DNA,9 study of the damage human serum by IR irradia-

tion,10 or spectral analysis of a sinusoid.11 

DFT studies have appeared to be a powerful tool to probe the properties of inorganic com-

pounds by reaching high accuracy with low computational cost.12 DFT methods are built on 

the Hohenberg-Kohn theorem,13–15 which presents that, if the system electron density is 

known, all electronic properties of the compound can be calculated. Many chemical proper-

ties can be accurately calculated by the available functionals (a function of a function), even 

without knowing the precise form of all functional components. The majority of current 

density functionals were initially developed by changing little parameters of different mole-

cules reference sets. DFT has become an effective alternative to classical Hartree-Fock and 

post-Hartree-Fock methods to investigate metal complexes. However, because of the scal-

ability of the methods, the application of DFT on larger systems is limited by the availability 

of computational resources, even if the application on small molecular complexes of ab initio 

computational methods with high-level correlated wavefunctions has been already re-

ported.16,17 The advantages of DFT for metal-containing systems are mainly the good scal-

ability of the system with the size, being thus able to calculate large molecular complexes, 

and the suitability of the computed orbitals for their analysis and the interpretation of the 

bonding between atoms and the system properties. Nevertheless, some important limita-

tions of DFT to treat some systems have been observed.18 Non exhaustive examples are: 

proton transfer and hydrogen bonding reactions19 or metal complexes where low coordina-

tion numbers are favoured by DFT.20 

DFT has also demonstrated to be useful in bioinorganic chemistry, by modelling structures, 

properties and processes in relation to photosynthesis, becoming a useful tool to validate 

experimental conclusions or to elucidate between different possibilities.21 DFT allows to 

calculate several properties which may contribute to understand spectroscopic, electronic or 

geometric properties in a complementary way with experimental studies.22 Some examples 
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of this symbiosis between DFT and experimental data have been reported for calculations 

of: geometries,23–25 energy and reaction mechanisms,26–28 vibrational frequencies,29,30 and 

spectroscopic properties.31,32 

DFT studies have also been reported to be a powerful approach to probe the properties of 

nanomaterials, such as magnetic, optical or catalytic, being in agreement with the experi-

mental results.33 Several studies trying to improve the already mentioned calculations on 

metallic centres20 have been reported.34 DFT studies coupled to algorithms have been re-

ported for the optimisation of nanoparticles (NPs) or clusters on the basis of calculating the 

total energies and forces.35 Some studies show the dependency of the structure on the com-

position and sizes of the NPs or clusters of Au,36 Rh,37 Ru,38 Pd,39 Ni,40 and Pt.41 

Vienna ab initio simulation package (VASP) has been used for DFT calculations on a large 

number of metallic systems. VASP allows to calculate the total energy and the electronic 

structure of metallic systems by using a plane-wave basis set.42–45 The Perdew, Burke and 

Ernzerhof (PBE) proposition of the generalised gradient approach was used for the ap-

proximation of the exchange correlation potential.46 Projector augmented wave (PAW) 

method is an electronic structure method, which acts on the core wave functions and the 

full valence, with high accuracy for the molecular dynamics simulations. This PAW method 

is of high precision, with errors on the bond lengths of less than 0.5 %, even in difficult 

situations such as large differences of electronegativity and strong magnetic moments.47,48 

This chapter reports on DFT calculations using VASP with PAW method and PBE ap-

proximation are run on hydrogenated Ru55H70, Ni38H35 NPs and Ru13Ni25 models. DFT 

studies have been performed in collaboration with the group of R. Poteau at LPCNO,49 

which has a great expertise in this type of studies. These calculations have been done to 

better understand the catalytic study on furfural (FF) hydrogenation previously described in 

Chapter 3. 

Ru55 NP model has already been characterised and described as a hexagonal close-packed 

(hcp) structure spheroid.50 Some DFT studies on hydrogenated Ru NPs models (Ru55H70, 

Ru55H32, Ru55H15) have been previously reported in the group, exploring the adsorption 

effect of imidazolium-amidinates51 and ethanoic acid52 on their surface. The Ru55H70 is a 

good model under hydrogenation conditions for the Ru/polyvinylpyrrolidone (PVP) NPs,50 

with a H metallic surface coverage theoretically calculated50 similar to that experimentally 

determined53 (see Chapter 2). 

Ni38 NP model has already been characterised and described as a highly symmetric face-

centred cubic (fcc) structure,54 being the Ni cluster that better represents the fcc structure, 
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from the ones containing between 13 to 55 atoms.55 The Ni38 NP atoms are distributed by 6 

atoms in the nuclei and 32 at the surface, as has been previously reported.56 The Ni38H35 is a 

good model under hydrogenation saturated conditions for the Ni/PVP NPs described in 

Chapter 2,  knowing that 36 hydrogen atoms can be adsorbed on the Ni38 surface by a dis-

sociative chemisorption.55 

Several types of bimetallic RuNi systems have been theoretically described: as a mixture of 

monometallic Ru and Ni NPs,57 as small Ru13Ni13 clusters,58 as adsorbed Ni atoms on a Ru 

nanosheet,59,60 as a Ru surface covered by a Ni surface61,62 or as a mixture of Ru and Ni 

atoms simulating an alloy.63,64 The most similar systems to our Ru13Ni25 are the Ru13Ni13 

clusters, where the Ru atoms are mainly located in the core. 

DFT calculations screening on the adsorption and hydrogenation of platform molecules, 

such as FF or 2,5-hydroxymethylfurfural (HMF), on metallic NPs are scarce.65 In the case 

of Ru66–68 and Ni,69 only theoretical studies on flat surfaces have been studied. It has been 

reported that the presence of co-adsorbed solvents,70 ligands71 and hydrides70,72 on metallic 

surfaces has an important effect on the adsorption energies of substrates. From our knowl-

edge, this work is the first theoretical study of the catalytic reactivity of FF and derivates on 

a hydrogenated Ru and Ni NPs surface. 

4.2 DFT calculations on Ru55 models 

Ru55 model is a spheroid with a hcp structure which its geometrical characteristics, and sur-

face hydrides coverage has already been published.50 In addition, several hydrogenation Ru 

NPs models (Ru55H70, Ru55H32, Ru55H15) have been studied for the adsorption of imida-

zolium-amidinates 51 and ethanoic acid52 on their surface. 

The Ru55H70 model describes well the Ru/PVP NPs under hydrogenation conditions used 

in our catalytic studies.50 First, considering the size, the Ru55H70 model displays a size of ca. 

1 nm, which is very similar to that of the Ru/PVP NPs described in previous chapters (1.0 

± 0.2 nm). Second, regarding the hydride surface coverage, this model displays a ratio 

H/(Ru on the surface) of  1.7, which corresponds to the coverage under hydrogenation 

conditions theoretically calculated,50 that is close to the previously reported experimental 

value53 and confirmed in this work (see Chapter 2). 

In Chapter 3, the results obtained on the hydrogenation of FF,66–68 catalysed by the mono-

metallic Ru/PVP and Ni/PVP NPs as well as the bimetallic RuNi/PVP NPs, were de-

scribed in two solvents: tetrahydrofuran (THF) and 1-PrOH. Given the differences ob-

served in this reaction depending on the solvent used, several scenarios were computed in 
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order to decipher the underlying reasons. First, the adsorption energies of THF and 1-

PrOH molecules adsorbed on a Ru55H70 NP were compared. Then hydrogenation of FF 

was studied considering the two solvents used in catalysis. 

4.2.1 Determination of adsorption energies of THF and 1-PrOH on 

Ru55 models 

Ru55H70(1-PrOH)6 Ru55H76(1-PrO)6 Ru55H71(1-PrOH)5(1-PrO)

Ru55H70(1-PrOH)10 Ru55H71(1-PrOH)9(1-PrO)
 

Figure 1: Dissociative or non-dissociative adsorption of 1-Propanol (1-PrOH) on the 

Ru55H70 model. 

1-PrOH can adsorb on the Ru hydrogenated surface by the oxygen atom either upon the 

dissociation of the H of the alcohol moiety, forming the corresponding alkoxide, or without 

dissociate onto the surface. Figure 1 displays the optimised structures obtained by the ad-

sorption of 1-PrOH (six or ten molecules), or the propanolate (six molecules), on a Ru55H70 

model. It also depicts the adsorption of a propanolate in a hydrogenated Ru NP with five or 

nine molecules of propanol adsorbed. The adsorption of six 1-PrOH is exothermic (ΔE = -

8.9 kcal·mol-1), while the dissociative adsorption of all six 1-PrOH species (Scheme 2) is 

unfavourable (ΔE = -1.1 kcal·mol-1). An intermediate scenario was also computed: the dis-

sociative adsorption of only one of the six 1-PrOH molecules. If the dissociation happens at 

the moment of the adsorption (Scheme 3, ΔE = -9.0 kcal·mol-1) it is favourable; if the disso-

ciation takes place after adsorption, thus the dissociation of one of the six 1-PrOH mole-

cules already adsorbed (Scheme 4), the ΔE is -0.2 kcal·mol-1. Looking at all these energy 
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values, an equilibrium between propanol and propanolate species exists on the surface of the 

Ru NP (PrOH* ↔ (PrO* + H*)). 

Other calculations were performed for ten molecules of 1-PrOH, Scheme 5 to 7. The ad-

sorption of ten 1-PrOH molecules on the surface is exothermic (ΔE = -8.0 kcal·mol-1, 

Scheme 5) as for six molecules (Scheme 1). The dissociative adsorption of only one of the 1-

PrOH molecules at the moment of the adsorption, ΔE = -9.0 kcal·mol-1 (Scheme 6) or once 

the ten 1-PrOH molecules are adsorbed, ΔE = -9.6 kcal·mol-1 (Scheme 7), are both favour-

able towards the formation of the propanolate structure. Comparing the energies from 

Schemes 4 and 7, where the only difference between the structures is the addition of four 1-

PrOH molecules, shows a great difference on the adsorption energy. The stabilisation ob-

served when adding four 1-PrOH molecules (Scheme 7) could mean that they help to stabi-

lise the structure containing one adsorbed propanolate molecule.  

Ru55H70+ 6 1PrOH→ Ru55H70(1PrOH)
6
             ΔE =  -8.9 kcal·mol-1 

Scheme 1: Adsorption of six 1-PrOH molecules. 

Ru55H70+ 6 1PrOH→ Ru55H76(1PrO)
6
             ΔE =  -1.1 kcal·mol-1 

Scheme 2: Dissociative adsorption of six 1-PrOH molecules. 

Ru55H70+ 6 1PrOH→ Ru55H71(1PrOH)
5
(1PrO)             ΔE =  -9.0 kcal·mol-1 

Scheme 3: Dissociative adsorption of one of the six 1-PrOH molecules. 

Ru55H70(1PrOH)
6
→ Ru55H71(1PrOH)

5
(1PrO)             ΔE =  -0.2 kcal·mol-1 

Scheme 4: Dissociation of one of the six adsorbed 1-PrOH molecules. 

Ru55H70+ 10 1PrOH→ Ru55H70(1PrOH)
10

             ΔE =  -8.0 kcal·mol-1 

Scheme 5: Adsorption of ten 1-PrOH molecules. 

Ru55H70+ 10 1PrOH→ Ru55H71(1PrOH)
9
(1PrO)             ΔE =  -9.0 kcal·mol-1 

Scheme 6: Dissociative adsorption of one of the ten 1-PrOH molecules. 

Ru55H70(1PrOH)
10

→ Ru55H71(1PrOH)
9
(1PrO)             ΔE =  -9.6 kcal·mol-1 

Scheme 7: Dissociation of one of the ten adsorbed 1-PrOH molecules. 
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additional hydrides to the surface of a Ru55H70 (ΔE = 

), is less favourable than the coordination of ten molecules of THF or 1-PrOH. Thus, both 

solvents can coordinate on the surface of Ru NPs with almost the same facility, meaning 

that the different FF conversion observed, in the two studied solvents, is related to a diffe

ent mechanistic pathway and not to a different accessibility of the NP surface. It is also 
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band center values of surface 

) and metal atoms 

was only considered to hypothetically assess the influence of ten pro-

Next, the stability of the hydrogenated Ru species upon adsorption of THF or 1-PrOH was 

adsorption energies per 

) Ru atoms, and average 

he average adsorption energy of ten mole-

8 kcal·mol-1. 

ΔE = -4.1 kcal·mol-

PrOH. Thus, both 

with almost the same facility, meaning 

, in the two studied solvents, is related to a differ-

a different accessibility of the NP surface. It is also 
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noticeable that the dissociative adsorption of the ten 1-PrOH molecules as propanolates is 

not favourable, even if the dissociation of some of them is favourable, behaving as transient 

species in the reaction mechanisms. Electron charges and d-band centre values are also 

displayed, from where it can be concluded that the adsorbed solvent molecules have a 

slightly effect on d-band centres of the surface Ru atoms.73 This is in accordance with the 

weak σ-donor character typical of this type of species which, differing from hydrides or 

other strongly bound ligands, are not supposed to influence in a significant way the catalytic 

activity of the surface atoms. 

4.2.2 Possible reaction intermediates in furfural hydrogenation 

Some reaction intermediates possibly involved in the hydrogenation mechanisms were inves-

tigated for the two solvents used in catalysis. In comparison to bare surfaces, adsorbed hy-

drides on the surface can modulate the reactivity of the NPs.74 However, these hydrides have 

a high mobility, making the identification of stationary points along the reaction pathway 

much more complicated. Consequently, a complete relevant mechanistic study of the FF 

hydrogenation on small Ru NPs is challenging to achieve and was not the purpose of our 

work.75 O-H activation has recently been reported of being a favoured reaction on the sur-

face of Ru NPs for carboxylic acids.52,76,77 Furthermore, C-H activation and formation have 

also been reported as being favourable on the surface of Ru NPs, in the case of H/D ex-

change at the alpha carbon of several substituted amines.78,79 As the study of the mechanistic 

pathway is complicated, in our DFT calculations, the barrier heights were assumed to be low 

or moderate to focus mainly on the adsorption energies of the different reactions, interme-

diates and products of the reaction. Two different models for the two reaction media (THF 

or 1-PrOH) were studied to elucidate the hydrogenation mechanism for each solvent used. 

The THF model consisted of a Ru55H70 cluster while its 1-PrOH counterpart has two 1-

PrOH molecules adsorbed on the surface of the hydrogenated Ru NP close to the studied 

active site (highlighted in yellow in Figure 3). This active site is placed in both cases at the 

interface between the facets (001) and (101) in the Ru NPs.80 
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THF model

1-PrOH model

Figure 3: Ru55H70 models used to investigate the hydrogenation reactions in THF (top) and 

in 1-PrOH (bottom). The considered active site is highlighted with a yellow halo. The lower 

part of the models is not shown for the sake of clarity.

Figure 4 provides the atomic charges

genation catalysed by the 

the reactions from Scheme

hydrogen atoms dissociated

tering into the mechanistic pathways, some energetic data, at the chosen DFT level, 

be given for the different hydrogenation reactions (Scheme 

Figure 4: Atomic charges

thenium atoms, in blue, are oxidized by all hydrides (average charges: 

FF + H

Scheme 8:
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THF model

PrOH model

models used to investigate the hydrogenation reactions in THF (top) and 

H (bottom). The considered active site is highlighted with a yellow halo. The lower 

part of the models is not shown for the sake of clarity. 

the atomic charges, from where it can be pointed out that for the hydr

genation catalysed by the Ru NPs, the hydrogen species on the surface are hydrides, while 

the reactions from Schemes 8 and 9 take place in acidic conditions. On the other hand, the 

dissociated from the 1-PrOH molecules are positively charged.

to the mechanistic pathways, some energetic data, at the chosen DFT level, 

be given for the different hydrogenation reactions (Scheme 8-11). 

Atomic charges of the two model systems plotted as colour maps. 

e, are oxidized by all hydrides (average charges: qHydride

models, qH(OH) = +0.54). 

H2→ HF                                      ΔE =  -18.0 kcal·mol-1

Scheme 8: Hydrogenation of FF to furfuryl alcohol (HF)
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models used to investigate the hydrogenation reactions in THF (top) and 

H (bottom). The considered active site is highlighted with a yellow halo. The lower 

 

that for the hydro-

Ru NPs, the hydrogen species on the surface are hydrides, while 

On the other hand, the 

PrOH molecules are positively charged. Before en-

to the mechanistic pathways, some energetic data, at the chosen DFT level, have to 

 
r maps. Surface ru-

Hydride = -0.20 in both 
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HF + 2 H2→ HMTHF                                 ΔE =  -44.3 kcal·mol-1 

Scheme 9: Hydrogenation of HF to HMTHF. 

HMTHF + H2→ 1,2-PeD                             ΔE =  -26.7 kcal·mol-1 

Scheme 10: Hydrogenation of HMTHF to 1,2-pentanediol (1,2-PeD). 

FF + 2 1PrOH→ acetal + 𝐻ଶO                         ΔE =  -6.5 kcal·mol-1 

Scheme 11: Acetalisation of FF with 1-PrOH. 

The reactions from Schemes 8 to 10 are all exothermic, -18.0 kcal·mol-1, -44.3 kcal·mol-1 

and -26.7 kcal·mol-1, respectively, and the reaction from Scheme 11, which occurs in pres-

ence of alcoholic solvents, is less exothermic (-6.5 kcal·mol-1). Hydrogenation reactions are 

not easy processes kinetically even if from a thermodynamically point of view they are exo-

thermic. For this reason, the use of hydrogenated Ru NPs is of great interest for catalysis as 

they have various and versatile active sites, as well as they present the dissociative chemi-

sorption of hydrogen (H2) on the surface with no energy barrier. The hydrides on the metal-

lic surface have a high mobility and can coordinate the surface either in top, face-capping or 

edge-bridging as it has been previously reported from nuclear magnetic resonance (NMR) 

experiments81 and DFT calculations.82 The energies associated to the last four mentioned 

reactions should be exactly the same for their homologous on the active sites (*) on the Ru 

NPs (Schemes 12 to 15). 

FF + H2 + 2*→ HF + 2* 

Scheme 12: Hydrogenation of FF to HF on 2 Ru active sites. 

HF + 2 H2 + 3∗→ HMTHF + 3∗ 

Scheme 13: Hydrogenation of HF to HMTHF on 3 Ru active sites. 

HMTHF + H2 + 2*→ 1,2-PeD + 2* 

Scheme 14: Hydrogenation of HMTHF to 1,2-PeD on 2 Ru active sites. 

FF + 2 1PrOH + 3*→ acetal + 𝐻ଶO + 3* 

Scheme 15: Acetalisation of FF with 1-PrOH on 3 Ru active sites. 

In these four schemes, 2* and 3* represent the number of different active sites on the Ru 

NP involved in the reaction, being an active site either a single Ru atom on the surface, a 

bimetallic edge or a coordination site with a higher μn index. 
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4.2.3 Determination of h

Figures 5 and 6 describe

FF and THF can be adsorbed on the Ru

oxygen atom. The adsorption of

kcal·mol-1 against -10.6 kcal

Figure 5: Energy profile for the FF hydrogenation on a Ru

Figure 6: Simplified e

Once the FF molecule 

adsorbed FF* molecule may be favoured by

Two intermediates are possible σ

bridging bidentate oxygen atom and its energy is equal to 

volves a surface hydride transfer to the oxygen 

of the carbon from the carbonyl to the surface, being slightly less stable (

Next, a second hydride transfer may occur

intermediate or to the carbo

NP. This intermediate is coordinated to the surface by both the oxygen from the alcohol 

function and a π interaction with the heterocycle with an energy 

At mild temperature, the desorption of the HF* molecule is not favoured, being the desor

tion energy from the Ru
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Determination of hydrogenation energy profiles 

describe a possible mechanism for FF hydrogenation in THF, 

FF and THF can be adsorbed on the Ru55H70 active site by a σ-donating coordi

The adsorption of FF is the most favourable compared to that of THF 

10.6 kcal·mol-1). 

Energy profile for the FF hydrogenation on a Ru55H70 NP in THF. Energies are 

given in kcal·mol-1. 

Simplified energy profile for the FF hydrogenation on a Ru55H

Once the FF molecule is adsorbed, the first transfer of hydride from the 

adsorbed FF* molecule may be favoured by the π coordination of the carbonyl function. 

possible σ-HFCH*Ru55H69 and π-HFOH*Ru55H69. The first contains a 

bridging bidentate oxygen atom and its energy is equal to -13.1 kcal·mol

hydride transfer to the oxygen of the carbonyl function and a coordination 

of the carbon from the carbonyl to the surface, being slightly less stable (

cond hydride transfer may occur from the surface to the oxygen of the alcoholate 

intermediate or to the carbon of the furfuryl resulting to the adsorbed HF* on a Ru

NP. This intermediate is coordinated to the surface by both the oxygen from the alcohol 

function and a π interaction with the heterocycle with an energy value of 

ture, the desorption of the HF* molecule is not favoured, being the desor

from the Ru55H68 NP of 8.9 kcal·mol-1. Nevertheless, if H2 pressure is present, 
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 in THF  

a possible mechanism for FF hydrogenation in THF, where both 

donating coordination of the 

compared to that of THF (-12 

 
in THF. Energies are 

 
H70 NP in THF. 

s adsorbed, the first transfer of hydride from the NP surface to the 

π coordination of the carbonyl function. 

. The first contains a 

mol-1. The second in-

the carbonyl function and a coordination 

of the carbon from the carbonyl to the surface, being slightly less stable (-12.3 kcal·mol-1). 

from the surface to the oxygen of the alcoholate 

n of the furfuryl resulting to the adsorbed HF* on a Ru55H68 

NP. This intermediate is coordinated to the surface by both the oxygen from the alcohol 

of -11.6 kcal·mol-1. 

ture, the desorption of the HF* molecule is not favoured, being the desorp-

pressure is present, 
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the Ru55H70 NP is regenerated favouring, from a thermodynamically point of view, the r

lease of the adsorbed HF* molecule (

Further hydrogenation of HF (Scheme 13

experimentally not favoured, 

cycle to form HMTHF

this coordination is challenging 

face. The adsorption was studied at different sites of the NP 

appeared to be too weak in all cases because of the

Figure 7: Possible π adsorption of 

hydrogenation step of the furanyl cycle.

The most favoured structure is

atom of the Ru55H70 NP

on the two Ru active sites is favoured (

sorption. 
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NP is regenerated favouring, from a thermodynamically point of view, the r

lease of the adsorbed HF* molecule (-18.0 kcal·mol-1). 

urther hydrogenation of HF (Scheme 13 in Section 4.2.2) in THF, which seem

experimentally not favoured, has been also investigated. The hydrogenation 

to form HMTHF requires its π coordination on the surface of the Ru NP. However, 

this coordination is challenging given the high quantity of hydrides present on the NP su

face. The adsorption was studied at different sites of the NP and the adsorption energies 

o weak in all cases because of the high H-coverage (Figure 7).

π adsorption of 2-(hydroxymethyl)furan (HF), or FF, preliminary to the 

hydrogenation step of the furanyl cycle. Energies are given in kcal

structure is that where the coordination of the π system 

NP. As can be seen in Figure 8, the adsorption of the HF furanyl cycle 

on the two Ru active sites is favoured (-26.9 kcal·mol-1), and even more than the HF d
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NP is regenerated favouring, from a thermodynamically point of view, the re-

) in THF, which seemed to be 

ydrogenation of the furanyl 

π coordination on the surface of the Ru NP. However, 

of hydrides present on the NP sur-

the adsorption energies 

coverage (Figure 7). 

 
F, preliminary to the 

kcal·mol-1. 

the coordination of the π system is on the apex 

. As can be seen in Figure 8, the adsorption of the HF furanyl cycle 

even more than the HF de-
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Figure 8: Possible species involved in the HF furanyl cycle hydrogenation, following the 

reaction of Scheme 13. Energies are given in 

However, it is also observed 

sites which are not available 

cules. In this latter case, the reaction is clearly exothermic with an energy value of 

kcal·mol-1, suggesting that the coordination of THF is hampering the

and its further hydrogenation to HMTHF.

4.2.4 Determination of hydrogenation energy profiles in 1

In THF, the only possible source of hydrogen atoms

the Ru NP surface hydrides. However, in th

function may also be a source of hydrogen atoms

gated. 

Figure 9: Possible adsorption

are given in kcal·mol-1. 
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Possible species involved in the HF furanyl cycle hydrogenation, following the 

reaction of Scheme 13. Energies are given in kcal·mol-1.

is also observed (Figure 8) that the μ–η2:η2 coordination requires

sites which are not available when there is co-adsorption of one THF and 

cules. In this latter case, the reaction is clearly exothermic with an energy value of 

, suggesting that the coordination of THF is hampering the π coordination of HF 

and its further hydrogenation to HMTHF. 

Determination of hydrogenation energy profiles in 1

only possible source of hydrogen atoms needed for the hydrogenation

surface hydrides. However, in the case of 1-PrOH, the hydrogen of 

ay also be a source of hydrogen atoms. This hypothesis has thus been invest

adsorption modes of two 1-PrOH molecules on a Ru55
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Possible species involved in the HF furanyl cycle hydrogenation, following the 

. 

requires two metal 

THF and one HF mole-

cules. In this latter case, the reaction is clearly exothermic with an energy value of -34.7 

π coordination of HF 

Determination of hydrogenation energy profiles in 1-PrOH 

needed for the hydrogenation of FF is 

PrOH, the hydrogen of the alcohol 

This hypothesis has thus been investi-

 
55H70 NP. Energies 
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Figure 9 shows that two 

ent ways: either by outer

ing also on the surface of the Ru

is observed that the adsorption of the two 1

than the outer-sphere way

favourable adsorption indicates that, if 1

nism, this involvement 

NP. 

Given this result, the two hydrogen atoms 

group of FF can be: a) from the 

of THF; b) from the alcohol functions of the 1

surface of the NP and c) from 

OH groups. 

The Ru55H70 NP with two adsorbed 1

drogenation of FF in 1-

Figure 10: A possible energy profile for the FF hydrogenation on a Ru

Possible starting points toward the formation of acetal, HMTHF or 

Figure 11: Simplified possible energy profile for the FF hydrogenation on a Ru

1-PrOH. Possible starting points towar
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two 1-PrOH molecules can interact with the FF substrate 

by outer-sphere H-bond interactions with the adsorbed FF*

ing also on the surface of the Ru55H70 NP, through the OH functions. After opti

is observed that the adsorption of the two 1-PrOH molecules is 10 kcal·

sphere way, where H-bond interactions with the adsorbed FF* occur

favourable adsorption indicates that, if 1-PrOH is involved in the hydrogenation

nism, this involvement is after the adsorption of the 1-PrOH molecule on the surface of the 

, the two hydrogen atoms leading to the hydrogenation of the aldehyde 

a) from the hydrides adsorbed on the Ru NP, following the mechanism 

of THF; b) from the alcohol functions of the 1-PrOH molecules after adsorption

surface of the NP and c) from both the hydrides on the surface of the Ru

with two adsorbed 1-PrOH molecules was chosen as model for the h

-PrOH (Figures 10 and 11).  

A possible energy profile for the FF hydrogenation on a Ru55H

Possible starting points toward the formation of acetal, HMTHF or 1,2-PeD

Energies are given in kcal·mol-1. 

possible energy profile for the FF hydrogenation on a Ru

. Possible starting points toward the formation of acetal, HMTHF or 1,2

also shown. 
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substrate in two differ-

bond interactions with the adsorbed FF*, or by adsorb-

NP, through the OH functions. After optimisation, it 

·mol-1 more stable 

bond interactions with the adsorbed FF* occur. The 

ydrogenation mecha-

on the surface of the 

the hydrogenation of the aldehyde 

hydrides adsorbed on the Ru NP, following the mechanism 

adsorption on the 

both the hydrides on the surface of the Ru55H70 NP and the 

PrOH molecules was chosen as model for the hy-

 
H70 NP in 1-PrOH. 

PeD are also shown. 

 
possible energy profile for the FF hydrogenation on a Ru55H70 NP in 

formation of acetal, HMTHF or 1,2-PeD are 
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The first step consists on the adsorption of FF on the surface (σ

ergy value of -12.8 kcal

adsorbed 1-PrOH molecules on the surface of the NP

of -20.6 kcal·mol-1. Next, the first hydride from the Ru surface 

function of the adsorbed FF* molecule. As in the THF 

the hydrogen transfer: to the carbonyl carbon, giving as product the 

ordinated through the oxygen as a bidentate ligand (σ

the carbonyl oxygen, providing a less stable intermediate coordinated to the

carbonyl carbon (π-HF

involves either a hydride 

group or the hydrogen atom

of the alkoxide. In both cases, the resulting product is the adsorbed HF* molecule on the 

NP surface coordinate

kcal·mol−1). Under H2 pressure, the two 1

to the initial state of the NP after desorption of the adsorbed HF* molecule (

1).  

As the formation of furfuryl acetal was 

vestigated which allowed to

PrOH. By assuming that the energy barriers are low or moderate, several possible interm

diates were studied to elucidate the acetal formation (Figures 12 and 13).

Figure 12: Energy clues on a 

PrOH, starting from the 

Figure 13: Simplified energy clues on a possible reaction pathw

acetal in 1-PrOH
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on the adsorption of FF on the surface (σ-FF*Ru

12.8 kcal·mol-1, followed by the dissociation of the O-H bond of one of the 

molecules on the surface of the NP (σ-FF*Ru55H71) with an energy value 

Next, the first hydride from the Ru surface is transferred to the carbonyl 

function of the adsorbed FF* molecule. As in the THF case, there are two 

to the carbonyl carbon, giving as product the alkoxide

ordinated through the oxygen as a bidentate ligand (σ-HFCH*Ru55H70: -20.5 kcal

the carbonyl oxygen, providing a less stable intermediate coordinated to the

HFOH*Ru55H70: -19.7 kcal·mol-1). Then, the second hydrogen transfer 

either a hydride from the Ru NP surface transferred to the carbon of the carbonyl 

hydrogen atom of the other adsorbed 1-PrOH, here transferred to the oxygen 

. In both cases, the resulting product is the adsorbed HF* molecule on the 

surface coordinated through the oxygen of the OH function (σ-HF*Ru

pressure, the two 1-propanolate molecules are regenerated, returning 

to the initial state of the NP after desorption of the adsorbed HF* molecule (

the formation of furfuryl acetal was observed in catalysis (Chapter 3), this was also i

tigated which allowed to have a complete scheme of the FF hydrogenation 

. By assuming that the energy barriers are low or moderate, several possible interm

diates were studied to elucidate the acetal formation (Figures 12 and 13). 

Energy clues on a possible reaction pathway for the formation of acetal in 1

, starting from the σ-FF* intermediate reported in Figure 10. Energies are given in 

kcal·mol-1. 

Simplified energy clues on a possible reaction pathway for the formation of 

PrOH, starting from the σ-FF* intermediate reported in Figure 10.
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FF*Ru55H70) with an en-

H bond of one of the 

) with an energy value 

transferred to the carbonyl 

two hypotheses for 

alkoxide molecule co-

20.5 kcal·mol-1) or to 

the carbonyl oxygen, providing a less stable intermediate coordinated to the surface by the 

second hydrogen transfer 

surface transferred to the carbon of the carbonyl 

transferred to the oxygen 

. In both cases, the resulting product is the adsorbed HF* molecule on the 

HF*Ru55H70: -16.4 

cules are regenerated, returning 

to the initial state of the NP after desorption of the adsorbed HF* molecule (-18.0 kcal·mol-

), this was also in-

FF hydrogenation reaction in 1-

. By assuming that the energy barriers are low or moderate, several possible interme-

 
possible reaction pathway for the formation of acetal in 1-

Energies are given in 

 
ay for the formation of 

FF* intermediate reported in Figure 10. 
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The first part of the mechanism for acetal formation is exactly the same as for FF hydr

genation, starting by the adsorption of the FF to the Ru

PrOH molecules (σ-FF*Ru

of the O-H bond of one of the 1

20.6 kcal·mol−1). The first hydride transfer from the 

carbonyl group of the adsorbed FF* may occur, being the FF molecule coordinated to the 

surface by the carbon atom of the carbonyl function (π

The transfer of a second hydrogen may then occur eit

second 1-PrOH molecule. This second hydrogenation may protonate the 

thus releasing a water molecule

tively stable intermediate (π

a sp2 hybridisation which is strongly bonded to the Ru

comparison of some selected geometry parameters and charges of 

HFOH*Ru55H70. 

Figure 14:  Compariso

try parameters and charges. π

acetal formation pathway. A vibrational analysis confirmed that it is a minimum on the 

potential energy surface. See also Figure 11, main text. The short Ru

length in this intermediate and the negative charge on the methyne fragment both suggest a 

After, π-MyF*Ru55H70 

the surface of the NP, forming the monoether

nolate molecule, the diether (acetal) specie with 

stepwise formation of acetal and hemiacetal were also 

carded as the formation of the adsorbed hemiacetal after the coupling with one 1

was not favoured (4.6 kcal
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The first part of the mechanism for acetal formation is exactly the same as for FF hydr

genation, starting by the adsorption of the FF to the Ru55H70 NP with two adsorbed 1

FF*Ru55H70: -12.8 kcal·mol−1, Figure. 10), followed by the dissociation 

H bond of one of the 1-PrOH molecules adsorbed on the NP (σ

The first hydride transfer from the Ru NP surface to the oxygen 

carbonyl group of the adsorbed FF* may occur, being the FF molecule coordinated to the 

surface by the carbon atom of the carbonyl function (π-HFOH*Ru55H70: 

The transfer of a second hydrogen may then occur either from the surface of the NP or the 

PrOH molecule. This second hydrogenation may protonate the 

releasing a water molecule. At the same time, the furfuryl molecule results to a rel

tively stable intermediate (π-MyF*Ru55H70: -12.1 kcal·mol−1), containing a carbon atom with 

which is strongly bonded to the Ru55H70 surface. Figure 14 shows a 

comparison of some selected geometry parameters and charges of π-MyF*Ru

Comparison between π-MyF*Ru55H70 and π-HFOH*Ru55H70of selected geom

try parameters and charges. π-MyF*Ru55H70 is a dimetallacycle intermediate found on the 

acetal formation pathway. A vibrational analysis confirmed that it is a minimum on the 

surface. See also Figure 11, main text. The short Ru-Cmethyne

length in this intermediate and the negative charge on the methyne fragment both suggest a 

kind of Ru=C double bond. 

 can be attacked by one of the propanolate molecule

forming the monoether (hemiacetal) and then, by the second prop

the diether (acetal) specie with -11.1 and -14.0 kcal·mol−1

stepwise formation of acetal and hemiacetal were also investigated although they were di

carded as the formation of the adsorbed hemiacetal after the coupling with one 1

was not favoured (4.6 kcal·mol-1). 
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The first part of the mechanism for acetal formation is exactly the same as for FF hydro-

NP with two adsorbed 1-

, Figure. 10), followed by the dissociation 

PrOH molecules adsorbed on the NP (σ-FF*Ru55H71: -

surface to the oxygen of the 

carbonyl group of the adsorbed FF* may occur, being the FF molecule coordinated to the 

: -19.7 kcal·mol−1). 

her from the surface of the NP or the 

PrOH molecule. This second hydrogenation may protonate the hydroxo group, 

. At the same time, the furfuryl molecule results to a rela-

, containing a carbon atom with 

surface. Figure 14 shows a 

MyF*Ru55H70 and π-

 
of selected geome-

intermediate found on the 

acetal formation pathway. A vibrational analysis confirmed that it is a minimum on the 

methyne(sp2) bond 

length in this intermediate and the negative charge on the methyne fragment both suggest a 

cules, adsorbed on 

the second propa-

1 respectively,. The 

investigated although they were dis-

carded as the formation of the adsorbed hemiacetal after the coupling with one 1-PrOH 
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Further hydrogenation of the aromatic ring followed by the ring

PeD83 has also been studied

catalysis. As before, being kinetic studies more complex and time consuming, only therm

dynamics have been considered

good catalysts for hydrogenation

ous π coordination on the metallic surface and c) ring

HMTHF than from HF

these studies are reported in Figure 15.

 

Figure 15: Possible reaction pathways for the formation of HMTHF (

PeD, in 1-PrOH. They both originate from the σ

(*): the four activated hydrides ongoing from 

moved from the

The π coordination of the HF molecules represents an extra stabilisation of 9 kcal

comparison to the σ-HF* conformation. 

anced by the cycle hydrogenation

account the regeneration of the two 1

mically releasing at the end a HMTHF molecule (Scheme 13, 
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Further hydrogenation of the aromatic ring followed by the ring-opening to obtain 1,2

has also been studied since the formation of this product has also 

As before, being kinetic studies more complex and time consuming, only therm

have been considered. Three points has to be stated: a) hydrogenated Ru NPs are 

good catalysts for hydrogenation reactions,84 b)  the furanyl hydrogenation implies a prev

ous π coordination on the metallic surface and c) ring-opening reactions are easier from 

HF.  Taking into consideration these three statements, 

these studies are reported in Figure 15. 

Possible reaction pathways for the formation of HMTHF (Scheme 13) and 1,2

. They both originate from the σ-HF* intermediate reported in Figure 10. 

(*): the four activated hydrides ongoing from π-HF* to σ-HMTHF* were randomly r

moved from the surface. Energies are given in kcal·mol-1

The π coordination of the HF molecules represents an extra stabilisation of 9 kcal

HF* conformation. Then, the breaking of a Ru-H bond is counterba

anced by the cycle hydrogenation. In this process, three H2 molecules were used, taking into 

account the regeneration of the two 1-PrOH molecules adsorbed on the surface, exothe

mically releasing at the end a HMTHF molecule (Scheme 13, -65.5 kcal·mol
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opening to obtain 1,2-

since the formation of this product has also been observed in 

As before, being kinetic studies more complex and time consuming, only thermo-

hree points has to be stated: a) hydrogenated Ru NPs are 

nation implies a previ-

opening reactions are easier from 

.  Taking into consideration these three statements, the results of 

 
Scheme 13) and 1,2-

HF* intermediate reported in Figure 10. 

HMTHF* were randomly re-

1. 

The π coordination of the HF molecules represents an extra stabilisation of 9 kcal·mol-1 in 

H bond is counterbal-

molecules were used, taking into 

PrOH molecules adsorbed on the surface, exother-

mol-1). Continuing 
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with the supposition that the ring-opening energy barrier is low, σ-HMTHF* may also pro-

vide 1,2-PeD, whose desorption is highly exothermic (-92.2 kcal·mol-1). This exothermic 

value could make us think that it is a strong thermodynamic driving force although kinetics 

could make uneasy this reaction. π-HF* intermediate is stronger than the σ-HF* intermedi-

ate, which are competing for the same active sites, differentiating from other intermediates 

or even the solvent molecules. 

To conclude this section of Chapter 4, two models representing the hydrogenated nanocata-

lysts with the two solvents used (THF and 1-PrOH) in catalysis (Chapter 3) were computed, 

being the Ru surface hydrides negatively charged, and the protons from 1-PrOH, positively 

charged. FF hydrogenation on the THF Ru55H70 NPs model reveals a competition between 

THF and FF for the adsorption on the NP surface. HF desorption is favoured by the con-

tinuous flow of H2, and the ring hydrogenation hampered by the presence of THF. FF hy-

drogenation on the 1-PrOH Ru55H70 NPs model indicates that 1-PrOH plays an active role 

on the hydrogenation. DFT calculations allowed explaining the ring hydrogenation and ring 

opening experimentally observed (Chapter 3). 1,2-PeD formation is thermodynamically 

favoured and may act as driving force. FF can also react with 1-PrOH, being the acetal 

formation in competition with the FF hydrogenation, producing H2O and acetal via the 

hemiacetal. 

4.3 DFT calculations on Ni38 models 

The Ni38 model chosen for this study is a NP of highly symmetric fcc structure whose geo-

metrical characteristics have been previously published.54 This Ni38 is interesting as it is the 

Ni cluster from the range 13 to 55 atoms whose structure represents the most likely the fcc.55 

The 38 atoms are distributed in three atomic layers with different facets, in an organisation 

with 6 atoms composing the core and 32 the surface of t he Ni cluster.56 

The Ni38H35 model describes well the Ni/PVP system used in catalysis. First, because, as 

mentioned above, this model represents the fcc structure the best. Second, the hydride cov-

erage of the Ni hydrogenated model Ni38H35 was optimized according to the hydrides sur-

face coverage determined experimentally as described in Chapter 2. It is known that, under 

conditions of hydrogen saturation, the Ni38 model can bind 36 hydrogen atoms on its sur-

face by the dissociative chemisorption of dihydrogen, being the Ni38H35 model in the good 

saturation range.55  

Some binding rules previously reported for the adsorption of deuterium on Ni, have been 

considered suitable for hydrogen: (a) a H atom does not bind onto a top site; (b) the bind-
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ing energies for bridge, three

sites near an unoccupied three

of a H to a bridge site surrounded by occupied three

three-fold sites cannot bind a H at

two four-fold sites; (e) 

atom; and (f) each surface atom can bind a maximum of three H atoms.

As for Ru, being the complete mechanism 

cus has been placed on the 

ble species (reactants, intermediates and products) of the reaction, supposing the energy 

barrier heights low or moderate.

4.3.1 Study of adsorption of FF onto Ni

As for Ru/PVP, with the Ni

the reaction media used. 

PrOH in catalysis (Chapter 3) w

mechanism studies, some possible intermediates involved were 

As for the Ru/PVP case,

lytic activity of the Ni surface atoms

Ni38H35 cluster while the 

the surface of the hydrogenated Ni NP close to the studied active site (Figure 16).

Figure 16: Ni38H35 models used to investigate the hydrogenation reactions in THF (top) and 

in 1-PrOH (bottom). The lower part of the 
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ing energies for bridge, three-fold and four-fold sites are equal; (c) binding of two bridge 

sites near an unoccupied three-fold or four-fold sites does not occur as well as the binding 

of a H to a bridge site surrounded by occupied three-fold or four-fold sites; (d) two adjacent 

fold sites cannot bind a H at the shared edge, which differentiates from the case of 

fold sites; (e) two adjacent bridge sites at the same line of atoms cannot bind a H 

atom; and (f) each surface atom can bind a maximum of three H atoms.85 

As for Ru, being the complete mechanism difficult to elucidate, in our calculations the f

placed on the determination of the adsorption energies of the different 

species (reactants, intermediates and products) of the reaction, supposing the energy 

barrier heights low or moderate. 

Study of adsorption of FF onto Ni38H35 model 

As for Ru/PVP, with the Ni/PVP nanocatalyst some differences were observed regarding 

the reaction media used. Consequently, two models to represent the use of

in catalysis (Chapter 3) were also built and investigated. In the

s, some possible intermediates involved were considered

As for the Ru/PVP case,7 the hydrides present on the surface may also influence the cat

lytic activity of the Ni surface atoms of the Ni/PVP NPs. In THF, the model consisted of a 

the counterpart in 1-PrOH has two 1-PrOH molecules adsorbed on 

the surface of the hydrogenated Ni NP close to the studied active site (Figure 16).

models used to investigate the hydrogenation reactions in THF (top) and 

PrOH (bottom). The lower part of the models is not shown for the sake of clarity.

furfural hydrogenation 
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equal; (c) binding of two bridge 

fold sites does not occur as well as the binding 

fold sites; (d) two adjacent 

the shared edge, which differentiates from the case of 

two adjacent bridge sites at the same line of atoms cannot bind a H 

 

elucidate, in our calculations the fo-

the different possi-

species (reactants, intermediates and products) of the reaction, supposing the energy 

re observed regarding 

use of THF and 1-

the hydrogenation 

considered for each solvent. 

also influence the cata-

model consisted of a 

PrOH molecules adsorbed on 

the surface of the hydrogenated Ni NP close to the studied active site (Figure 16). 

 
models used to investigate the hydrogenation reactions in THF (top) and 

models is not shown for the sake of clarity. 
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As observed in Figure 4

cies on the surface are hydrides. In the case of Ni NPs, the situation is the same 

hydrides placed at a certain 

interactions.55,86  

The reaction from Scheme 8 previously studied on the Ru

tigated on Ni38H35 system.

The negative adsorption energ

Figure 17 shows that the adsorption of the FF molecule is in competition with 

and 1-PrOH, being the FF the most stable

1 and -7.8 kcal·mol-1, respectively). 

Figure 17: Adsorption energies on a Ni

4.3.2 Determination of hydrogenation energy profiles in 

Figure 18 and 19 show a possible mechanism for

Ni38H35 NP model. 
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As observed in Figure 4 for Ru NPs, the atomic charges pointed out that the hydrogen sp

cies on the surface are hydrides. In the case of Ni NPs, the situation is the same 

hydrides placed at a certain distance, following the binding rules, because of the repulsion 

The reaction from Scheme 8 previously studied on the Ru55H70 model, has been also inve

system. As a reminding, this reaction is exothermic (

The negative adsorption energy should remain the same on the Ni NP active sites.

Figure 17 shows that the adsorption of the FF molecule is in competition with 

PrOH, being the FF the most stable in the two cases (-9.6 kcal·mol-

, respectively).  

Adsorption energies on a Ni38H35 NP in kcal mol-1 of 1-PrOH, THF and FF 

(from left to right). 

Determination of hydrogenation energy profiles in 

show a possible mechanism for the FF hydrogenation in THF

furfural hydrogenation 
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the atomic charges pointed out that the hydrogen spe-

cies on the surface are hydrides. In the case of Ni NPs, the situation is the same being the 

distance, following the binding rules, because of the repulsion 

model, has been also inves-

exothermic (-18.0 kcal·mol-1). 

the Ni NP active sites. 

Figure 17 shows that the adsorption of the FF molecule is in competition with that of THF 

-1 vs. -8.6 kcal·mol-

 
PrOH, THF and FF 

Determination of hydrogenation energy profiles in THF 

FF hydrogenation in THF on the 
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Ni38H35

0.0

FF
+

Figure 18: Energy profile for the FF hydrogenation on a Ni

Figure 19: Simplified energy profile for the FF hydrogenation on a Ni

Once the FF molecule i

adsorbed FF* may be favoured by a π coordination of the carbonyl 

ates are possible σ-HFCH

at a four-fold site and its energy is equal to 

drogen transfer from the Ni NP surface

of the carbon of the carbonyl to the 

This latter configuration may be more stable because of the interaction of a second Ni atom 

with the π system of the adsorbed FF* furanyl cycle

the hydrogenation of the furan cycle

However, further calculations 

the transfer of a second hydride 

alkoxide intermediate or to the carbon of the furfuryl 

on a Ni38H33 NP. This intermediate is coordinated to the surface by the oxygen from the 
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Ni38H35 Ni38H35

-9.6 -9.7
Ni38H34

-8.0

Ni38H34

-9.9

Ni38H33

-13.4
σ-FF* π-FF*

σ-HFCH*

π-HFOH*

HF*

Energy profile for the FF hydrogenation on a Ni38H35 NP in THF. Energies are 

given in kcal·mol-1. 

Simplified energy profile for the FF hydrogenation on a Ni38

Once the FF molecule is adsorbed, a first hydride transfer from the Ni NP

favoured by a π coordination of the carbonyl group

CH*Ni38H34 and π-HFOH*Ni38H34. The first contains an 

fold site and its energy is equal to -8.0 kcal·mol-1. The second one

from the Ni NP surface to the oxygen of the carbonyl and 

the carbonyl to the metal surface, being the most stable (

latter configuration may be more stable because of the interaction of a second Ni atom 

of the adsorbed FF* furanyl cycle. This π coordination may also explain 

of the furan cycle observed experimentally (section 3.2 of Chapter 3)

calculations are needed to be able to conclude on this hypothesis

of a second hydride may occur from the Ni NP surface to the oxygen of the 

intermediate or to the carbon of the furfuryl cycle resulting to the adsorbed HF* 

NP. This intermediate is coordinated to the surface by the oxygen from the 

furfural hydrogenation 
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Ni38H35

+ HF

-18.0
33

Ni38H33

+ HF

13

 
in THF. Energies are 

 
38H35 NP in THF. 

Ni NP surface to the 

group. Two intermedi-

. The first contains an oxygen atom 

. The second one involves a hy-

the carbonyl and the coordination 

stable (-9.9 kcal·mol-1). 

latter configuration may be more stable because of the interaction of a second Ni atom 

π coordination may also explain 

observed experimentally (section 3.2 of Chapter 3). 

on this hypothesis. Next, 

surface to the oxygen of the 

resulting to the adsorbed HF* 

NP. This intermediate is coordinated to the surface by the oxygen from the 
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alcohol function with an energy value of -13.4 kcal·mol-1. At mild temperature, the HF* 

molecule desorption is not favoured from the Ni38H33 NP, showing an energy of 13.0 

kcal·mol-1. However, under H2 pressure, the Ni38H35 NP is regenerated thermodynamically 

favouring the release of the adsorbed HF* molecule (-18.0 kcal·mol-1). 

Comparing to the hydrogenation in THF on Ru55H70 NPs, the adsorption of the FF on the 

surface is less favoured on the Ni38H35 NP. This result may explain the higher activity on Ru 

observed in catalysis compared to Ni catalyst (see Chapter 3). Moreover, the reaction inter-

mediates σ-HFCH*Ni38H34 and π-HFOH*Ni38H34 are more separated in energy than their Ru 

homologues σ-HFCH*Ru55H69 and π-HFOH*Ru55H69. 

4.3.3 Determination of hydrogenation energy profiles in 1-PrOH 

In the case of using 1-PrOH as reaction media on the Ru55H70 NP model, it was observed 

that the hydrogen of the alcohol group plays an important role in the hydrogenation 

mechanism. For this reason, even if data from Figure 18 evidences that the adsorption of 

the FF molecule is more favourable than the adsorption of the 1-PrOH molecule, two 1-

PrOH molecules were adsorbed on this Ni38H35 model for the hydrogenation of FF in 1-

PrOH (Figures 20 and 21). 

FF
+

σ-FF*
π-FF*

σ-HFCH*

π-HFOH*

HF*

σ-FF*

 
Figure 20: A possible energy profile for the FF hydrogenation on a Ni38H35 NP in 1-PrOH. 

Energies are given in kcal·mol-1. 
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Figure 21: Simplified possible energy profile for the FF hydrogenation on a Ni

The first step consists on the adsorption of FF on the

an energy value of -7.0 

the adsorbed 1-PrOH molecules on the

of 4.9 kcal·mol-1. Next, the first hydride from the 

function of the adsorbed FF* molecule. As in the THF 

ble: the hydride transfer to the carbonyl carbon, giving as product the alcoholate mole

coordinated through the oxygen as a bidentated ligand (σ

the hydride transfer to the carbonyl oxygen, providing a less stable intermediate coordinated 

to the surface by the carbonyl carbon (π

drogen transfer involve

carbonyl group or the proton of the other 1

the alcoholate. In both cases, the resulting product is the

surface of the NP coordinate

kcal·mol−1). Under H2 pressure, the two 1

to the initial state of the NP after desorption of the adsorbed HF* molecule (

1). Finally, the desorption without H regeneration 

the adsorption of two H atoms on the Ni surface to regenerate the two 1

(Ni38H37: -136.0 kcal·mol

Regarding all the energy values of the mechanism in Figure 20, it can be observed that a

most all are positive, which 

already discussed in this chapter. However, these results may support the data obtained 

experimentally in catalysis:

mant from the series in 1

two H are adsorbed at the end on the 

going to be regenerated.

To conclude this section of Chapter 4, two models representing 

with the two solvents used (THF and 1

hydrogenation on the THF 

the continuous flow of H
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possible energy profile for the FF hydrogenation on a Ni

1-PrOH. 

on the adsorption of FF on the Ni NP surface (σ-

 kcal·mol-1, followed by the dissociation of the O-

PrOH molecules on the metal surface (σ-FF*Ni38H36) with an energy value 

. Next, the first hydride from the Ni surface is transferred to the carbonyl 

function of the adsorbed FF* molecule. As in the THF case, two configurations

ble: the hydride transfer to the carbonyl carbon, giving as product the alcoholate mole

coordinated through the oxygen as a bidentated ligand (σ-HFCH*Ni38H35: 8.4

the hydride transfer to the carbonyl oxygen, providing a less stable intermediate coordinated 

to the surface by the carbonyl carbon (π-HFOH*Ni38H35: 14.9 kcal·mol-1). The second h

drogen transfer involves either a hydride of the surface transferred to the carbon of the 

carbonyl group or the proton of the other 1-PrOH adsorbed transferred to the oxygen of 

the alcoholate. In both cases, the resulting product is the adsorbed HF* molecule on the 

surface of the NP coordinated through the oxygen of the OH function (σ-

pressure, the two 1-propanolate molecules are regenerated, returning 

to the initial state of the NP after desorption of the adsorbed HF* molecule (

Finally, the desorption without H regeneration is not favoured (33.0 kcal

e adsorption of two H atoms on the Ni surface to regenerate the two 1

mol-1), is highly exothermic. 

Regarding all the energy values of the mechanism in Figure 20, it can be observed that a

most all are positive, which is unexpected comparing to the previous cases of Ru and Ni 

already discussed in this chapter. However, these results may support the data obtained 

in catalysis: FF hydrogenation on Ni/PVP NPs in 1-PrOH is less perfo

from the series in 1-PrOH. The value -136.0 of kcal·mol-1 may explain that, even 

two H are adsorbed at the end on the surface, the 1-PrOH molecules adsorbed are not 

going to be regenerated.  

this section of Chapter 4, two models representing hydrogenated nanocatalysts 

the two solvents used (THF and 1-PrOH) in catalysis (Chapter 3) were computed

hydrogenation on the THF Ni38H35 NPs model shows that HF desorption is favoured by 

the continuous flow of H2. The ring hydrogenation in THF, observed experimentally 

furfural hydrogenation 
_______________________________________  

 
possible energy profile for the FF hydrogenation on a Ni38H35 NP in 

-FF*Ni38H35) with 

-H bond of one of 

) with an energy value 

transferred to the carbonyl 

configurations are possi-

ble: the hydride transfer to the carbonyl carbon, giving as product the alcoholate molecule 

8.4 kcal·mol-1) and 

the hydride transfer to the carbonyl oxygen, providing a less stable intermediate coordinated 

1). The second hy-

either a hydride of the surface transferred to the carbon of the 

PrOH adsorbed transferred to the oxygen of 

adsorbed HF* molecule on the 

-HF*Ni38H35: 20.2 

propanolate molecules are regenerated, returning 

to the initial state of the NP after desorption of the adsorbed HF* molecule (-18.0 kcal·mol-

not favoured (33.0 kcal·mol−1) while 

e adsorption of two H atoms on the Ni surface to regenerate the two 1-PrOH molecules 

Regarding all the energy values of the mechanism in Figure 20, it can be observed that al-

comparing to the previous cases of Ru and Ni 

already discussed in this chapter. However, these results may support the data obtained 

PrOH is less perfor-

may explain that, even if 

PrOH molecules adsorbed are not 

hydrogenated nanocatalysts 

lysis (Chapter 3) were computed. FF 

HF desorption is favoured by 

experimentally with 
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Ni/PVP NPs (section 3.2 of Chapter 3) may be explained by the π coordination at the in-

termediate π-HFOH*Ni38H34. FF hydrogenation on the 1-PrOH Ni38H35 NP model shows a 

great amount of positive adsorption energy values. These values are found strange in com-

parison to all the other computed reactions but, they may explain why experimentally the 

Ni/PVP catalyst is the less active of the series in 1-PrOH. Unfortunately, because of a lack 

of time, no further calculations were run to finally corroborate the FF hydrogenation 

mechanism on a Ni38H35 NP in 1-PrOH. As future perspectives, it will also be interesting to 

study for both models the further hydrogenation and the acetal formation reactions in order 

to have a full comparison of the NP catalytic properties. 

4.4 DFT calculations on Ru13Ni25 models 

Previously published computational studies on RuNi catalysts show bimetallic RuNi sys-

tems composed by monometallic Ru and Ni NPs,57 small clusters Ru13Ni13,58 a Ru 

nanosheet with adsorbed Ni atoms,59,60 or a Ni surface covered by Ru surface below61,62 or a 

mixture of the Ru and Ni surfaces simulating an alloy.63,64  

Given the bimetallic NPs proved to be the most active in FF hydrogenation catalysis (Chap-

ter 3), building a model for RuNi NPs is crucial. For this purpose, the H/Msurface ratios of all 

the RuNi/PVP catalysts were determined experimentally (Chapter 2). 

Different Ru13Ni25 models were built starting from the Ni38 model and replacing several Ni 

atoms of the NP by Ru atoms. This strategy was based on the wide angle X-ray scattering 

(WAXS) data from where a core-shell structure was experimentally determined, being the 

Ru in the core. The model used for Ni contains 38 atoms organised into 6 central atoms 

and 32 surface atoms. By following the Ni coverage estimations reported in Chapter 2, 

Ru1Ni1/PVP NPs have a Ni coverage of 77 % of the surface, which represents here 25 Ni 

atoms from the 32 atoms present on the surface. Three Ru13Ni25 models were thus built 

containing a pure Ru core (Figure 22, Ru13Ni25-A to C). With the aim of comparison, two 

more Ru13Ni25 models were studied simulating alloy structures (Figure 22, Ru13Ni25-D and 

E). 
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Ru13Ni25-A
-8037.3 kcal·mol-1

Ru13Ni25-D
-7988.6 kcal·mol-1

Ru13Ni25-B
-8008.5 kcal·mol-1

Ru13Ni25-C
-8045.4 kcal·mol-1

Ru13Ni25-E
-7978.2 kcal·mol-1  

Figure 22: Ru13Ni25 models with a Ru core (A to C) and with an alloy structure (D and E) 

with their associated energies in kcal·mol-1. 

Ru13Ni25 models with a Ru core (A to C) are the most stable ones, supporting the experi-

mental results obtained for the bimetallic RuNi NPs. Adsorptions of different species 

should be optimised in order to study the possible hydrogenation mechanism. 

To conclude this section of Chapter 4, five hydrogenated Ru13Ni25 models were optimised, 

three of them (Ru13Ni25-A to C) maintaining the Ru core determined by WAXS analysis and 

two (Ru13Ni25-D and E) representing alloyed structures. As future perspectives, the plan is 

to continue with the adsorption of the different species studied in the monometallic Ru and 

Ni cases, in order to compare the catalytic properties of the bimetallic RuNi NPs to the Ru 

and Ni counterparts. 

4.5 Conclusions 

In this Chapter 4, different models of monometallic and bimetallic Ru and Ni hydrogenated 

NPs have been built and discussed for the hydrogenation reaction of FF and, in the case of 

1-PrOH, the formation of acetal.  

For the Ru NPs, in order to represent the two solvents (THF and 1-PrOH) used in catalysis 

(Chapter 3), two different models were built. The charges of the H atoms were observed to 

be negative on the Ru surface and positive at the 1-PrOH molecules. On the THF Ru55H70 
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NPs model, a competition between FF and THF for the adsorption on the actives sites of 

the NP surface was observed. The importance of a continuous flow of H2 was observed as 

favourable for the desorption of HF and the presence of THF was seen to hamper the fur-

furyl cycle hydrogenation. On the 1-PrOH Ru55H70 NPs model, 1-PrOH was seen to play 

an active role on the FF hydrogenation and the importance of the continuous flow of H2 

was also observed. The ring hydrogenation and ring opening reactions observed experimen-

tally (Chapter 3) were successfully explained by DFT calculations. The ring opening to form 

1,2-PeD was observed to be favoured from a thermodynamic point of view, as well as po-

tentially being the driving force of the reaction. Acetal formation is observed to be possible 

through the formation of hemiacetal and H2O and to be in competition with FF hydrogena-

tion. 

Two different models of Ni NPs were built, in order to represent the two solvents (THF 

and 1-PrOH) used in catalysis (Chapter 3). On the THF Ni38H35 NPs model, the impor-

tance of a continuous flow of H2 was observed as favourable for the desorption of HF. The 

π coordination of the intermediate π-HFOH*Ni38H34 may explain the ring hydrogenation in 

THF, as observed experimentally with Ni/PVP NPs (section 3.2 of Chapter 3). On the 1-

PrOH Ni38H35 NPs model, almost all the adsorption energy values were seen to be positive. 

By comparing to all the other studied reactions, these values are found unusual as in the 

other cases they were all negative. However, being the adsorption energies positive mean 

that they are not thermodynamically favoured, which may explain why experimentally, in 

the 1-PrOH series, the Ni/PVP is the less active catalyst. Unfortunately, the FF hydrogena-

tion mechanism on a Ni38H35 NP in 1-PrOH was not corroborated as a matter of time. 

Finally, further hydrogenation and acetal formation studies on both solvent models will be 

of great interest to be able to compare on the catalytic properties of the monometallic and 

bimetallic series.  

For the RuNi NPs, three models (Ru13Ni25-A to C) of hydrogenated Ru13Ni25 were built, 

considering a Ru core and two more models (Ru13Ni25-D and E), simulating alloys, were 

optimised for comparison purposes, being the core-shell structures the most stables. The 

future plan is to continue with the adsorption of the different species as studied in the other 

cases. In order to conclude on the catalytic properties of the monometallic and bimetallic 

series, running DFT calculation for the adsorption of the different molecules, as studied for 

the monometallic NPs, is among the perspective of this computational work. 
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5.1 Introduction 

The use of deuterium has attracted increasing interest in several domains of applications, 

such as standards for mass spectroscopy,1 study of reaction mechanisms,2–4 tuning of the 

properties of materials,5,6 determination of protein conformations or the development of 

drugs.7 The majority of deuterated compounds are used in the pharmaceutical industry for 

the research of new drugs, as they permit to study the metabolic pathways of drugs.8–10 By 

the H-D isotope effect,11–14 biological activities of non-labelled drugs could be improved in 

pharmaceutical chemistry.15–17 The incorporation of deuterium in a specific site of a given 

molecule is a pertinent way to tune the properties of drugs, such as absorption, distribution, 

metabolism or drug excretion.18,19 Deuterated drugs containing several deuterium atoms are 

more resistant to degradation, which can be explained because cleaving a C-D bond requires 

more energy than cleaving a C-H bond.20 In 2017 the Food and Drug Administration (FDA) 

of the U.S. accepted deuterated drugs.21,22 Develop methodologies for large-scale deuterium 

labelling at industrial level is thus of high interest. 

Among the diverse methods studied for the synthesis of deuterated,9,23–25 one of the most 

attractive is the Hydrogen Isotope Exchange (HIE), where the incorporation of deuterium at 

certain positions is modulated by a catalyst. HIE is particularly interesting for the functionali-

sation of bioactive molecules.26–32 

The use of inexpensive deuterated water (D2O) under hydrogen (H2) pressure is an easily 

scalable deuteration methodology, as demonstrated by the synthesis of deuterium-containing 

products on the kilogram scale, and it allows the isotope labelling of several substrates. Pd/C 

and Pt/C are known to catalyse multi H/D exchange.33 Ru- and Ir-based catalysts under D2 

pressure are also active for this reaction.25 A heterogeneous Fe-based catalyst proved to be 

highly efficient for the selective deuteration of (hetero)arenes.34 Also, earth abundant metal 

based catalysts, such as Mn19 or Ni,35 have been described as active for deuterations reac-

tions. Finally, Ru nanocatalysts have been reported for the deuteration of several organic 

molecules under D2 pressure.36,37 Given this context, we have decided to explore the catalytic 

properties of the nanocatalysts prepared for hydrogenation reactions as described in previous 

chapters in the deuteration of target compounds of interest. This work has been performed 

during a three months internship in M. Beller’s group, at Leibniz Institute for Catalysis 

(LIKAT), in Rostock,38 with a financial support from NanoX Toulouse.39 The subgroup of 

Catalysis for life sciences from M. Beller’s group, is specialised in deuteration reactions and 

has reported several examples of deuteration reactions on heteroarenes.19,34,40–42  
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5.2 4-Methoxyaniline

lysts 

Anilines are building blocks of some of the most sold medications.

several synthetic methods have been reported, including the use of heterogeneous

and homogeneous47–50 catalysts, or deuterated bases or acids.

Usually, the reaction conditions for deuteration reactions

presence (up to 20 bar),

source, a temperature of 

in the absence of any acids or 

with a metal molar ratio

Ru/PVP NPs synthesised at 85

evolution of the reaction was followed by solution 

given in Chapter 6. 

Scheme 1: Catalytic deute

After 16 h of reaction at 80

MeOAn (0.25 mmol) was washed three times with 

dried with Na2SO4 and evaporated to dryness. Figure 1 depicts the 

dried reaction organic phase in 

the pure substrate in CDCl

not show any signal in the aromatic region, 

results point to the hydrogenation of the aromatic ring catalysed by the 

well-known to provide this type of transformation
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thoxyaniline deuteration using Ru/PVP NPs

Anilines are building blocks of some of the most sold medications.43 For the

several synthetic methods have been reported, including the use of heterogeneous

catalysts, or deuterated bases or acids.51–54  

Usually, the reaction conditions for deuteration reactions vary from 40 ºC to 400

, or not, of H2. As starting conditions, D2O as solvent and deuterium 

a temperature of 80 ºC and a pressure of 10 bar of H2 or no H2 pres

acids or co-solvent. All reactions were performed in 1.5 mL of D

ratio of 0.02 % with respect to the substrate, using

Ru/PVP NPs synthesised at 85 ºC as described in section 2.2 of Chapter 2

evolution of the reaction was followed by solution 1H NMR. All the experimental details are 

atalytic deuteration of 4-Methoxyaniline (4-MeOAn) into 4

After 16 h of reaction at 80 ºC with 10 bar of H2 in D2O (1.5 mL), the reaction 

was washed three times with chloroform (CHCl3), 

and evaporated to dryness. Figure 1 depicts the 1H NMR

organic phase in deuterated chloroform (CDCl3), of the aqueous phase, and of 

CDCl3. The NMR spectrum of the dried reaction organic

signal in the aromatic region, but a new set of peaks in the aliphatic area

point to the hydrogenation of the aromatic ring catalysed by the 

known to provide this type of transformation.55 
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Ru/PVP NPs as cata-

For their deuteration 

several synthetic methods have been reported, including the use of heterogeneous19,34,44–46 

ºC to 400 ºC, in the 

solvent and deuterium 

pressure were chosen 

. All reactions were performed in 1.5 mL of D2O 

using as catalyst the 

described in section 2.2 of Chapter 2 (Scheme 1). The 

All the experimental details are 

 

into 4-MeOAn(D). 

reaction mixture of 4-

 the organic phase 

H NMR spectra of the 

the aqueous phase, and of 

of the dried reaction organic phase does 

a new set of peaks in the aliphatic area. These 

point to the hydrogenation of the aromatic ring catalysed by the Ru NPs, that are 
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Aromatic
6.61

Methoxy
3.67

Amine
3.30

D2O
4.71

Organic phase

Aqueous phase

4-MeOAn

 
Figure 1: 1H NMR spectra of the substrate 4-MeOAn in CDCl3 (bottom), of the dried reac-

tion organic phase in CDCl3 (top) and of the reaction aqueous phase in D2O (middle), after 

the reaction of 0.25 mmol of 4-MeOAn at 80 ºC with 10 bar of H2 on Ru/PVP NPs in 1.5 

mL of D2O. 

In order to avoid the hydrogenation of the aromatic ring, the reaction was performed using 

the same reaction conditions but in the absence of H2. The 1H NMR spectrum of the crude 

D2O phase did not show any deuteration of the aromatic ring, as the ratio of the integrals of 

the methoxy group with respect to the aromatic signals did not change. A new set of peaks 

appeared which were attributed to PVP after gas chromatography-mass spectroscopy (GC-

MS) analyses of the reaction medium. PVP is known to be well soluble in water. 
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Aromatic
6.75

Methoxy
3.69

D2O
4.70

Aqueous phase

4-MeOAn

PVP

NH2

3.30

 
Figure 2: 1H NMR spectra of the substrate 4-MeOAn in CDCl3 (bottom) and of the D2O 

reaction mixture (top), after the reaction of 0.25 mmol of 4-MeOAn at 80 ºC on Ru/PVP 

NPs in 1.5 mL of D2O. 

Unfortunately, no deuteration of this aniline was observed in any of the reaction conditions 

tested, and no more catalytic tests were performed. 

5.3 4-(Trifluoromethyl)benzaldehyde deuteration using 

Ru/PVP NPs as catalyst 

Aromatic aldehydes are interesting building blocks in pharmaceutical industry,56 due to their 

inherent and easy reactivity to create  C-C and C-X bonds. Thus, their selective deuteration is 

appealing to produce compounds of interest for the application in this domain. Diverse 

methodologies have been explored, such as, the photoredox catalysed deoxygenative 

deuteration of carboxylic acids;57 the aldehyde deuteration via the HIE,40,58,59or via the hydro-

gen atom transfer (HAT),56,60 the reaction of amides with the Schwartz’s reagent,61 the reduc-

tion of esters by LiAlD4 with an oxidation final step,62 or the Pd/Rh catalysed reductive car-

bonylation of aryl halides.63 However, the development of new reaction pathways to access 

deuterated aldehydes at a lower cost is required. 

The study of the 4-(Trifluoromethyl)benzaldehyde (TFMBAL) deuteration (Scheme 2) was 

performed using similar reaction conditions as for 4-MeOAn: 80 ºC, D2O as solvent and 

deuterium source, eventually 10 bar of H2, and Ru/PVP NPs synthesised at 85 °C (see sec-

tion 2.2 Chapter 2, and Chapter 6 for the experimental details) with a metal molar ratio of 

0.02 % with respect to the substrate. 
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Scheme 2

The 1H NMR spectrum of the substrate TFMBAL

tom), together with that of

under 10 bar of H2, after workup.

of the organic phase of the reaction

as of the aldehyde, as the peaks corresponding to the

and a new set of peaks appear in the aliphatic region of the 

Aromatic

Aldehyde
10.12

8.08.59.09.510.010.5

2
.0

8
2

.1
9

1
.0

0

Figure 3: 1H NMR spectra

phase extracted from

TFMBAL at 80

Then, the reaction was performed without H

The 1H spectrum of the products

displayed in Figure 4, in comparison to 

veals that the peaks in the aromatic region 

to the aldehyde moiety at 10.04 ppm is al

deuteration at this position. GC

one with a mass-to-charge

bution of m/z 175, which could correspond to the deuterated prod
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2: Catalytic deuteration of TFMBAL into TFMBAL

H NMR spectrum of the substrate TFMBAL in CDCl3 is displayed in 

together with that of the organic phase extracted, from the reaction

, after workup. Likewise, the previous substrate, 4-MeOAn, the spectrum 

of the organic phase of the reaction points to the hydrogenation of the aromatic ring, as well 

the aldehyde, as the peaks corresponding to these two moieties are no longer observed, 

s appear in the aliphatic region of the 1H NMR spectrum.

Aromatic
7.9

CDCl3

7.19

1.52.02.53.03.54.04.55.05.56.06.57.07.5
f1 (ppm)

spectra in CDCl3 of the substrate TFMBAL (bottom) 

extracted from the reaction mixture (top), after the reaction of 0.25 mmol 

TFMBAL at 80 ºC with 10 bar of H2 on Ru/PVP NPs in 1.5 mL of D

reaction was performed without H2 in order to avoid the hydrogenation reaction. 

H spectrum of the products in the organic phase extracted from the reaction

in comparison to that of the TFMBAL substrate. This

veals that the peaks in the aromatic region are slightly shifted while the proton corresponding 

to the aldehyde moiety at 10.04 ppm is almost vanished. These results indicate

deuteration at this position. GC-MS analysis of the reaction medium shows two main peaks, 

charge (m/z) of 174 attributed to the substrate TFMBAL, with a contr

bution of m/z 175, which could correspond to the deuterated product. There is also a
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TFMBAL(D). 

is displayed in Figure 3 (bot-

reaction mixture at 80 ºC 

MeOAn, the spectrum 

points to the hydrogenation of the aromatic ring, as well 

two moieties are no longer observed, 

H NMR spectrum. 

1.01 .5

Organic phase

TFMBAL

 
(bottom) and of the organic 

, after the reaction of 0.25 mmol of 

on Ru/PVP NPs in 1.5 mL of D2O. 

to avoid the hydrogenation reaction. 

he reaction medium is 

. This spectrum re-

while the proton corresponding 

most vanished. These results indicate a possible 

shows two main peaks, 

of 174 attributed to the substrate TFMBAL, with a contri-

There is also a sec-
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ond peak with a m/z of 155 that could be attributed to the TFMBAL molecule after the loss 

of a F atom (Figure 5).  

Organic phase

TFMBAL

Aromatic
7.9Aldehyde

10.12

CDCl3

7.19

 
Figure 4: 1H NMR spectra in CDCl3 of the substrate TFMBAL (bottom) and the organic 

phase extracted from the reaction mixture (top), after the reaction of 0.25 mmol of 

TFMBAL at 80 ºC on Ru/PVP NPs in 1.5 mL of D2O. 

 
Figure 5: Mass spectra of TFMBAL (top) and of a product containing a peak at m/z = 155 

Da corresponding to a loss of a F atom (bottom) and their respective retention times in GC-

MS. 

In order to verify the hypothesis of a selective defluorination, an analogue substrate, 4 -

(Trifluoromethyl)acetophenone (TFMAPO), was submitted to the same reaction conditions 
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(Scheme 3). The 1H NMR 

that a partial deuteration of the methyl

analysis of the reaction medium did not reveal a defluorination of the 

discarding thus defluorination on the TFMBAL substrate. 

Scheme 3

6.57.07.58.08.5

4
.0

5

Aromatic
7.9

CDCl3

7.19

Figure 6: 1H NMR spectra

phase extracted from

TFMAPO at 80

Figure 7: Mass spectrum from the reaction of TFMAPO 
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H NMR of the organic phase of the reaction medium, in CDCl

deuteration of the methyl moiety occurred (Figure 6). Nevertheless

analysis of the reaction medium did not reveal a defluorination of the –CF

discarding thus defluorination on the TFMBAL substrate.  

 

3: Catalytic deuteration of TFMAPO into TFMAPO

1.01.52.02.53.03.54.04.55.05.56.0
f1 (ppm)

3
.0

0

Methyl
2.57

spectra in CDCl3 of the substrate TFMAPO (bottom) 

extracted from the reaction mixture (top), after the reaction of 0.25 mmol of 

TFMAPO at 80 ºC on Ru/PVP NPs in 1.5 mL of D2O.

Mass spectrum from the reaction of TFMAPO showing no peak corresponding to 

the loss of one, two or three F atoms. 
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of the organic phase of the reaction medium, in CDCl3, revealed 

Nevertheless, the GC-MS 

CF3 group (Figure 7), 

APO(D). 

0.5

Organic phase

TFMAPO

 and of the organic 

, after the reaction of 0.25 mmol of 

O. 

 
peak corresponding to 
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5.4 Methyl 2,3-O

tion using Ru/PVP NPs as catalysts

Sugars labelled with deuterium are interesting organic molecules for 

67 as well as for the  structural studies of 

teins.68–75 Deuterium labelled sugars are also of interest as they act as 

the synthesis of deuterated chiral bioactive compounds. Several synthetic methods 

reported to access these molecules

synthesis,81,82 epimerisation of sugars containing a carbonyl group at the adjacent position

and multistep synthesis from small deuterium labelled compounds.

a high cost and poor atom economy, thus using  D

appealing.4,18,85–94 

Methyl 2,3-O-Isopropylidene

was investigated in D2O at a temperature of 80

Ru/PVP NPs as catalyst. All the experimental details are given in Chapter 6.

Scheme 4: Catalytic deuteration of MOIBRIBOF into MOIBRIBOF(
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O-Isopropylidene-β-D-ribofuranoside deuter

tion using Ru/PVP NPs as catalysts 

Sugars labelled with deuterium are interesting organic molecules for in vivo

structural studies of macromolecules such as nucleic acids and glycopr

Deuterium labelled sugars are also of interest as they act as building blocks

the synthesis of deuterated chiral bioactive compounds. Several synthetic methods 

to access these molecules; ketone reduction by LiAlD4 and NaBD

epimerisation of sugars containing a carbonyl group at the adjacent position

and multistep synthesis from small deuterium labelled compounds.84 All these processes have 

a high cost and poor atom economy, thus using  D2O as an alternative deuterium source it is 

Isopropylidene-β-D-ribofuranoside (MOIBRIBOF) deuteration (Scheme 4) 

O at a temperature of 80 ºC and eventually under 10 bars of H

Ru/PVP NPs as catalyst. All the experimental details are given in Chapter 6.

atalytic deuteration of MOIBRIBOF into MOIBRIBOF(

  

Deuteration of organic molecules on Ru/PVP nanoparticles 
_______________________________________  

ribofuranoside deutera-

in vivo kinetics studies64–

macromolecules such as nucleic acids and glycopro-

building blocks76,77 for 

the synthesis of deuterated chiral bioactive compounds. Several synthetic methods have been 

and NaBD4,78–80 enzymatic 

epimerisation of sugars containing a carbonyl group at the adjacent position83 

All these processes have 

O as an alternative deuterium source it is 

deuteration (Scheme 4) 

ºC and eventually under 10 bars of H2 using 

Ru/PVP NPs as catalyst. All the experimental details are given in Chapter 6. 

 

atalytic deuteration of MOIBRIBOF into MOIBRIBOF(D). 
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H 9, 14 & 15
4.71 Methoxy

3.31

CH3 at 22 or 23
1.25 & 1.42

D2O
4.71

Organic phase

Aqueous phase

MOIBRIBOF

MEBRIBOF

D2O
5.02

H 8
4.22

H 16 & 17
3.55

 
Figure 8: 1H NMR sepctra of the protected sugar MOIBRIBOF in D2O (bottom), of the 

unprotected sugar Methyl β-D-Ribofuranoside (MEBRIBOF) in D2O (1st middle), of the 

organic phase extracted from the reaction medium in CDCl3 (2nd middle) and of the aqueous 

phase of the reaction medium in D2O (top), after the reaction of 0.25 mmol of MOIBRI-

BOF at 80 ºC with 10 bars of H2 on Ru/PVP NPs in 1.5 mL of D2O. 

Under H2 pressure, a partial deprotection of the isopropylidene moiety of MOIBRIBOF 

occurred, leading to the formation of the corresponding unprotected sugar, MEBRIBOF, 

found in the aqueous phase, while the remaining substrate was observed in the organic phase 

(Figure 8). This deprotection is known to occur under acidic conditions.95–97 This result may 

be due to the acidic character of the Ru/PVP NPs, which were shown to produce an acetal 

from furfural, as previously discussed in Chapter 3. 
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CH3 at 22 or 23
1.31 & 1.44

After reaction

MOIBRIBOF

MEBRIBOF

D2O
4.70

2 Methoxys
3.32 & 3.34

Acetone
2.16

 
Figure 9: 1H NMR spectra in D2O of the protected sugar MOIBRIBOF (bottom), of the 

unprotected sugar MEBRIBOF (middle) and of the reaction medium (top), after the reaction 

of 0.25 mmol of MOIBRIBOF at 50 ºC on Ru/PVP NPs, in 1.5 mL of D2O. 

After reaction

MOIBRIBOF

MEBRIBOF

D2O
4.60 2 Methoxys

3.19 & 3.25

Acetone
2.07

 
Figure 10: 1H NMR spectra in D2O of the protected sugar MOIBRIBOF (bottom), of the 

unprotected sugar MEBRIBOF (middle) and of the reaction medium (top), after the reaction 

of 0.25 mmols of MOIBRIBOF at 80 ºC on Ru/PVP NPs, in 1.5 mL of D2O. 

Next, the deuteration of MOIBRIBOF was performed without H2 pressure, at different 

temperatures. At RT, no reaction occurred, while increasing the temperature to 50 °C, the 

partial deprotection of the sugar happened. 1H NMR spectrum of the reaction mixture (Fig-

ure 9; top), shows two different methoxy peaks at 3.32 and 3.34 ppm that can be attributed 
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to MOIBRIBOF and MEBRIBOF

be attributed to the presence of acetone, resulting from the deprotection of MOIBRIB

At 80 °C, a full deprotection 

spectrum (Figure 10). In addition, several multiplets 

ppm, which can be attributed to epimerization products of the unprotected sugar MEBR

BOF. Such epimerisation reactions, 

they could be explained as the synthesised Ru/PVP NPs have previously been determined as 

acidic when catalysing the acetal formation of furfural (see Chapter 3)

Then, the deuteration of the unprotected sugar

ing the same reaction conditions 

°C, no reaction occurred. The 

showed the peaks of the 

sugar occurred, as it can be discerned by the presence of several multiplets in 

to 4.2 ppm in the 1H NMR spectrum (Figure 11).

 

Scheme 5: C
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MOIBRIBOF and MEBRIBOF respectively. A peak is also visible at 2.16 ppm, which can 

be attributed to the presence of acetone, resulting from the deprotection of MOIBRIB

full deprotection of MOIBRIBOF was observed, as shown

). In addition, several multiplets are visible in the range of 3.2 to 4.1 

attributed to epimerization products of the unprotected sugar MEBR

epimerisation reactions, are known to occur in aqueous acidic media

they could be explained as the synthesised Ru/PVP NPs have previously been determined as 

the acetal formation of furfural (see Chapter 3). 

deuteration of the unprotected sugar, MEBRIBOF, was attempted in D

ing the same reaction conditions as described above (Scheme 5). In the presence of H

°C, no reaction occurred. The 1H NMR spectrum of the reaction medium (Figure 

peaks of the MEBRIBOF substrate. In the absence of H2, epimerisation of the 

sugar occurred, as it can be discerned by the presence of several multiplets in 

H NMR spectrum (Figure 11). 

Catalytic deuteration of MEBRIBOF into MEBRIBOF(
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A peak is also visible at 2.16 ppm, which can 

be attributed to the presence of acetone, resulting from the deprotection of MOIBRIBOF. 

shown by the 1H NMR 

in the range of 3.2 to 4.1 

attributed to epimerization products of the unprotected sugar MEBRI-

occur in aqueous acidic media.98–100 Here, 

they could be explained as the synthesised Ru/PVP NPs have previously been determined as 

was attempted in D2O, follow-

. In the presence of H2 at 80 

of the reaction medium (Figure 11) clearly 

, epimerisation of the 

sugar occurred, as it can be discerned by the presence of several multiplets in the range of 3.2 

 

atalytic deuteration of MEBRIBOF into MEBRIBOF(D). 
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H 14
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Methoxy
3.31

D2O
4.71

Aqueous phase
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MEBRIBOF

H 8
3.71

H 16 & 17
3.92

Aqueous phase
with H2

H 9
3.51

H 15
4.06

 
Figure 11: 1H NMR spectra of the unprotected sugar MEBRIBOF in D2O (bottom) and of 

the aqueous reaction medium with (middle) and without (top) H2, after the reaction of 0.25 

mmol of MEBRIBOF at 80 ºC with (bottom) and without (top) 10 bar of H2 on Ru/PVP 

NPs, in 1.5 mL of D2O. 

As conclusion, the deuteration of MOIBRIBOF and MEBRIBOF was not observed on the 

Ru/PVP NPs in the investigated reaction conditions. In the case of the protected sugar, 

MOIBRIBOF, reactions performed under 10 bar of H2, led to the partial or total deprotec-

tion of the substrate. In the absence of H2, epimerisation of the unprotected sugar, MEBRI-

BOF, was observed. Deuteration reactions of the unprotected sugar, MEBRIBOF, as sub-

strate confirmed that epimerisation occurs in the absence of H2. Additional experiments are 

needed to determine if the Ru/PVP nanocatalyst is responsible of this reactivity, which is 

typically performed in acidic conditions. 

5.5 Adenosine deuteration using Ru/PVP NPs as catalysts 

Deuterated nucleosides such as adenosine (ADNS) are another class of interesting organic 

molecules; they act as building blocks of nucleic acids and they allow to perform structural 

studies of biological macromolecules.68–75,101 Deuterated ADNSs, are often obtained via 

multi-steps tedious syntheses.102 Some other methodologies from the literature include the 

fission and reclosure of rings,103 exchange of H atom catalysed by Pt with D2,104 performed 

also in water,105,106 or by isotopic hydrogenolysis.107 

The deuteration of ADNS (Scheme 6) was also investigated on Ru/PVP NPs and using simi-

lar reaction conditions as those applied for the previous substrates (see details in Chapter 6). 
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Scheme 6:

The 1H NMR spectrum

very clean. It shows that a total deuteration of the proton in the C16

reaction that has already been reported

condensation of 3-β-D

ethyl orthoformate (CD(OEt)

by the unmasking of the etheno moiety

7.07.27.47.67.88.08.28.4

0
.9
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1
.0

0

H 25
8.12

H 26
8.23

Figure 12: 1H NMR spectra 

reaction mixture (top), after the reaction of 0.25 mmol of ADNS at 80

in 1.5 mL of D2O. 

This result evidencing a full selective deuteration of ADNS at th

epimerisation of the sugar backbone, is very interesting

the nitrogen moiety of the adenosine

investigations. 
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Scheme 6: Catalytic deuteration of ADNS into ADNS(D

H NMR spectrum recorded after 16 h of reaction at 80 ºC without H

shows that a total deuteration of the proton in the C16 position

has already been reported through a multi-step mechanism finishing with the 

D-ribofuranosyl-4-amino-5-(imidazol-2-yl)imidazole with deuterated 

ethyl orthoformate (CD(OEt)3) at 100 ºC in dimethylacetamide (DMA) during 4

by the unmasking of the etheno moiety with chloroacetaldehyde in H2O.102

4.04.24.44.64.85.05.25.45.65.86.06.26.46.66.87.0
f1 (ppm)
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spectra in D2O of the substrate ADNS (bottom) and of the 

, after the reaction of 0.25 mmol of ADNS at 80 ºC on Ru/PVP NPs, 

This result evidencing a full selective deuteration of ADNS at the position 16

epimerisation of the sugar backbone, is very interesting. It could be due to

moiety of the adenosine. This encouraging result opens the door to further 

Deuteration of organic molecules on Ru/PVP nanoparticles 
_______________________________________  

 

D). 

without H2 (Figure 12) is 

position occurred, a 

step mechanism finishing with the 

yl)imidazole with deuterated 
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and of the resulting 

ºC on Ru/PVP NPs, 

e position 16, without any 

due to the presence of 

. This encouraging result opens the door to further 
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5.6 Conclusions 

Catalytic deuterations of several organic molecules on Ru/PVP NPs have been performed.  

For the 4-MeOAn, at any reaction conditions, no deuterium labelling was observed. When 

pressurising the reactor with 10 bar of H2 at 80 ºC, only hydrogenated products were ob-

tained and, without pressurising with H2, at 80 ºC, PVP leaching was observed. 

Similarly TFMBAL was hydrogenated under 10 bar of H2 at 80 ºC. In the absence of H2, 

TFMBAL was deuterated on the formyl H.  

Sugar derivatives were epimerized in the absence of H2, and the protected sugar MOIBRI-

BOF, was deprotected while applying H2 pressure. Finally, ADNS was selectively deuterium 

labelled at C16 position, without any epimerisation of the sugar backbone.  

The exploratory work performed at LIKAT is very encouraging in some of the molecules 

tested and open the doors for future research in deuteration reactions. 
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6.1 General methods 

The studied metallic system being air sensitive,1–4 all the operations were carried out under 

inert atmosphere to avoid the passivation and/or oxidation of the metallic surface. MBraun 

gloveboxes and standard Schlenk techniques were used being argon chosen as the non-

reactive gas. 

Tetrahydrofuran (THF) and pentane were purified by an MBraun SPS-800 solvent purifica-

tion system or by standard methods at the Laboratoire de Chimie de Coordination (LCC) in 

Toulouse. At Leibniz Institute for Catalysis (LIKAT) in Rostock, THF was purified by dis-

tillation over Na/benzophenone and pentane by distillation using lithium aluminium hy-

dride 

(LiAlH4). The metallic precursors [Ru(η4-C8H12)(η6-C8H10)], [Ni(η4- C8H12)2] and Cu(C9H11) 

were purchased at Nanomeps Toulouse, Strem Chemicals and Merck respectively. Polyvi-

nylpyrrolidone (PVP), dodecane, decane, 1-propanol (1-PrOH), furfural (FF), alumina, 

hexadecylamine (HDA), 1-adamantanecarboxylic acid (AdCOOH) and THF were pur-

chased at Merck, while furfuryl alcohol (HF) and tetrahydrofurfuryl alcohol (HMTHF) at 

Alfa Aesar, diphenylphosphinopyridine (PPh2Py) at TCI and dodecylamine (DDA) at Fluka. 

Carbon monoxide (CO) and hydrogen (H2) were obtained from Air Liquid. At LIKAT in 

Rostock, THF was purchased at Acros organics, CHCl3 at VWR, ethylacetate at Walter 

CMP and pentane at Fischer. Deuterated chloroform (CDCl3) and deuterated water (D2O) 

were purchased at Deuteron. 4-(trifluoromethyl)benzaldehyde (TFMBAL) and methyl 2,3-

O-isopropylidene-β-D-ribofuranoside (MOIBRIBOF) were purchased at Fluorochem. 4-

(trifluoromethyl)acetophenone (TFMAPO) was purchased at abcr and methyl β-D-

ribofuranoside (MEBRIBOF) at Alfa Aesar. 4-methoxyaniline (4-MeOAn), adenosine 

(ADNS), 1-PrOH and Na2SO4 were purchased at Merck. H2, helium He, Ar and N2 were 

supplied by Air Liquide. All these products were used as arrived. 

The metal content was determined by inductively coupled plasma - optical emission spec-

troscopy (ICP-OES) on mineralised samples using nitric and hydrochloric acids. At the 

LCC in Toulouse by a Thermo Fisher Scientific ICAP 6300 Duo instrument. A charge in-

jection device (CID) array detector was used. The solutions were introduced into the ICP 

through an introduction system containing a quartz nebulizer, a cyclonic spray chamber and 

a quartz torch.  At LIKAT in Rostock, the metal content was determined in a Varian 715-

ES instrument. A charge coupled device (CCD) detector was used for this simultaneous 

echelle spectrometer. The solutions were introduced into the ICP through a sample delivery 

system consisting in a crossflow nebulizer and a quartz torch. 
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Elemental analyses were performed at the LCC in Toulouse by a Perkin Elmer 2400 series 

II by the Dumas method consisting on burning the sample into simple gases such as CO2, 

H2O and N2.The combustion was executed at 1800 ºC with the presence of oxygen. He was 

used as the vector gas using a katharometer as thermal conductivity detector. 

Liquid nuclear magnetic resonance (NMR) analyses were executed at the LCC in Toulouse 

with a Bruker Avance 300 or 400 instruments; at LIKAT, in Rostock, using a Bruker 

Avance 300 or a Fourier 300 instrument. 

Solid NMR measurements were performed for some of the synthesised catalysts on a 

Bruker Avance III HD 400 with a magnetic field of 9.4 T at the LCC in Toulouse. The 

samples were placed into ZrO2 rotors of 3.2 mm or 2.5 mm. Their rotating speed near the 

magic angle was set at 12 kHz and the experiments were done at RT. 

Attenuated total reflection infrared (ATR-IR) spectra were registered in the range of 4000-

400 cm-1 at the LCC in Toulouse on a PerkinElmer GX2000 spectrometer placed in a 

glovebox under an argon atmosphere. 

Transmission electron microscopy (TEM) and high resolution transmission electron mi-

croscopy (HRTEM) were carried out at the “Centre de microcaractérisation Raimond Cas-

taing” in Toulouse on a JEOL JEM 1400 electron microscope operating at 120 kV with a 

point resolution of 2.0 Å or on a JEOL JEM 1011 CXT operating at 100 kV with a point 

resolution of 4.5 Å. High resolution images were acquired on a JEOL JEM 2100F coupled 

with a Field Emission Gun (FEG) operating at 200 kV with a point resolution of 2.3 Å or 

on a JEOL JEM ARM200F Cold FEG operating at 200 kV with a point resolution of >1.9 

Å. A Cu-grid (mesh 400) or a Ni-grid (mesh 400), with a collodion film and a carbon film 

deposited, was used for the deposition of the samples. At LIKAT in Rostock, scanning 

transmission electron microscopy (STEM) measurements were performed at 200kV with an 

aberration-corrected JEM-ARM200F (JEOL, Corrector: CEOS) with a point resolution of 

1.4Å. Energy dispersive X-ray (EDX) analysis was done with a JED-2300 (JEOL) energy-

dispersive-X-ray spectrometer having a silicon drift detector (dry SD60GV).High angle 

annular dark field (HAADF) and annular bright field (ABF) detectors were used for general 

imaging. A holey carbon supported Cu-grid (mesh 300, Micro to Nano) was used for the 

deposition of the samples. Subsequently, the grid was transferred to the microscope. The 

mean size of the nanoparticles (NPs) was determined by measuring manually at least 200 

particles from the TEM images with the ImageJ software. 
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Magnetism analysis were performed at the LCC in Toulouse, obtaining the hysteresis curves 

by a MPMS 5 Quantum design magnetometer (cryo-magnet 5 T; cryostat 2 K – 400 K) with 

a superconducting quantum interface device (SQUID).  

Thermogravimetric analysis (TGA) measurements were carried out at the LCC in Toulouse 

through a Mettler TGA/DSC 3+ by using an alumina sample container. N2 was used as a 

carrier gas with a 50 mL·min-1 flow. The temperature was increased 10 ºC·min-1 until 1000 

ºC, temperature hold for 5 min. 

Wide angle X-ray scattering (WAXS) analyses were performed at the Centre d’Élaboration 

de Matériaux et d’Etudes Structurales (CEMES) in Toulouse. The diffractometer for pair 

distribution function (PDF) analyses is equipped with a monochromatized molybdenum 

radiation (0.07169 nm), solid-state detection and a low background setup. In order to avoid 

the oxidation of the samples, Lindemann glass capillaries of 1 mm of diameter were sealed 

after being filled with the sample in a glovebox. The PDF analyses were obtained for 457 

data points lasting 150 s per each on an extended angular range of 129 degrees in 2 theta. 

Fourier transform and classic corrections related to polarization and absorption in cylindri-

cal geometries were employed before reduction.  

X-ray photoelectron spectroscopy (XPS) measurements were performed at the Centre In-

ter-universitaire de Recherche et d’Ingénierie des Matériaux (CIRIMAT) in Toulouse in a 

Thermo Scientific K-Alpha instrument under ultra high vacuum (UHV) by a X-ray source 

of monochromatised Al Kα (EAl Kα = 1486.6 eV). The spot size for the X-ray was of 400 

µm fixing the pass energy at 30 eV with a step for core levels of 0.1 eV and for surveys of 

160 eV. The Au 4f7/2 (83.9 ± 0.1 eV) and the Cu 2p3/2 (932.8 ± 0.1 eV) photoelectron 

lines were employed for the calibration of the spectrometer energy. The XPS spectra were 

register in direct mode N (Ec) by removing the background signal following the Shirley 

method and by neutralising the charge effects on the top surface by applying the flood gun. 

Gas chromatography (GC) analyses were carried out on a Shimadzu GC-2014 furnished 

with a SUPELCOWAX 10 capillary column (30 m x 0.25 mm x 0.25 µm) at LCC in Tou-

louse. The analysis method for the FF and quinoline (QN) hydrogenations consisted on a 

1.25 mL·min-1 flow of He as carrier gas, 250 ºC for the injector temperature, 250 ºC for the 

flame ionisation detector (FID), with the following oven program: 50 ºC hold during 3.0 

min followed by a ramp of 20 ºC·min-1 until 240 ºC holding this temperature during 10.0 

min displaying a total run time of 22.5 min. The retention times of the different products 

for the FF hydrogenation are the following: dodecane, 6.8 min; FF, 9.2 min; HMTHF, 9.4 

min; acetal, 10.0 min; HF, 10.4 min; 2-propoxymethyl furan, 10.6 min; and 1,2-pentanediol 
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(1,2-PeD), 11.1 min. The retention times of the different products for the quinoline hydro-

genation are the following: unidentified product, 3.9 min; dodecane, 6.8 min; decahydroqui-

noline (DHQ), 9.4 min; decahydro-1-propylquinoline (DHPQ), 9.7 min; 5,6,7,8-

tetrahydroquinoline (5-THQ), 11.3 min; quinoline, 12.5 min; N-propyl 1,2,3,4-

tetrahydroquinoline (1-THPQ), 12.8 min; and 1,2,3,4-tetrahydroquinoline (1-THQ), 13.2 

min.  

Gas chromatography – mass spectroscopy (GC-MS) analyses were executed in a Shimadzu 

QP2010 Ultra GC-MS with electron impact as ionisation method supplied with a 

ZEBRON ZB-5 ms capillary column (30 m x 0.25 mm x 0.25µm) at LCC in Toulouse. The 

analysis method for the FF and quinoline hydrogenation consisted on a 1 mL·min-1 flow of 

He as carrier gas, 250 ºC for the injector temperature, 250 ºC for the FID, with the follow-

ing oven program: 40 ºC hold during 0.5 min followed by a ramp of 20 ºC·min-1 until 250 

ºC holding this temperature during 10.0 min displaying a total run time of 21.0 min. The 

retention times of the different products for the FF hydrogenation are the following: FF, 

3.6 min; HF, 3.8 min; HMTHF, 4.0 min; 1,2-PeD, 4.3 min; 2-propoxymethyl furan, 4.7 min; 

dodecane, 6.3 min; and acetal, 6.7min. The retention times of the different products for the 

quinoline hydrogenation are the following: DHQ, 6.1 min; dodecane, 6.2 min; 5-THQ, 6.4 

min; quinoline, 6.6 min; 1-THQ, 7.3 min; DHPQ, 7.4 min; and 1-THPQ, 8.4 min. The 

analysis method for the norbornene hydrogenation, used for the quantification of hydrides 

on the surface of the NPs, consisted on a 1 mL·min-1 flow of He as carrier gas, 250 ºC for 

the injector temperature, 250 ºC for the FID, with the following oven program:  35 ºC hold 

during 1.0 min followed by a ramp of 15 ºC·min-1 until 250 ºC, temperature hold for 5.0 

min displaying a total run time of 20.3 min. The retention times of the different products 

are the following: DHQ, 6.1 min; dodecane, 6.2 min; 5-THQ, 6.4 min; quinoline, 6.6 min; 

1-THQ, 7.3 min; DHPQ, 7.4 min; and 1-THPQ, 8.4 min. 

GC-MS analyses were performed at LIKAT in Rostock using an Agilent 5977B GC/MSD 

with electron impact as ionisation method supplied with a HP-5 ms ultra inert column (30 

m x 0.25 mm x 0.25µm). The analysis method for the 4-MeOAn deuteration consisted on a 

1.2 mL·min-1 flow of He as carrier gas, 200 ºC for the injector temperature, 310 ºC for the 

FID, with the following oven program: starting at 50 ºC, followed by a ramp of 10 ºC·min-1 

until 260 ºC, followed by a ramp of 50 ºC·min-1 until 300 ºC and holding during 2.0 min 

displaying a total run time of 23.8 min. The retention time of 4-MeOAn is 8.5 min. The 

analysis method for the TFMBAL and MOIBRIBOF deuteration consisted on a 1.2 

mL·min-1 flow of He as carrier gas, 200 ºC for the injector temperature, 310 ºC for the FID, 

with the following oven program: starting at 50 ºC, followed by a ramp of 8 ºC·min-1 until 
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260 ºC and holding during 5.0 min displaying a total run time of 31.0 min. The retention 

time of TFMBAL is 5.2 min and of MOIBRIBOF is 11.3 min. 

Catalysed deuterations at LIKAT in Rostock were centrifuged in a Thermo electron corpo-

ration Heraeus Pico 17 centrifuge, in order to separate the catalysts from the solution. The 

sample was introduced in a 1.5 mL Eppendorf and was centrifuged at 13000 rpm during 10 

minutes. It was followed by the addition of 1.5mL of ethyl acetate to wash by centrifuging 

at 13000 rpm during 2 minutes. A Christ Alpha 3-4 LSC basic freeze dryer was also used to 

concentrate some diluted samples. 

6.2 Computational details 

6.2.1 DFT calculations of metal nanoclusters 

The software employed for the theoretical calculations is the Vienna Ab initio Simulation 

Package (VASP)5,6 using spin polarized density functional theory (DFT). The generalised 

gradient approach from Perdew, Burke and Ernzerhof (PBE)7 was applied to approximate 

the exchange-correlation potential. The projector augmented wave (PAW)8,9 data sets util-

ised for the full-potential reconstruction treat the states (n-1)p, (n-1)d and ns (i.e. 14 valence 

electrons) for Ru. 500 eV were fixed as the kinetic energy cut-off, 0.02 eV of width for the 

Gaussian smearing (σ), being the energies extrapolated for σ = 0.00 eV. 0.02 eV Å-1 was set 

as threshold for the residual forces on any direction for the geometry optimisation. Finally, 

for all the Γ-centred calculations10, a supercell of 20 x 23 x 20 Å3 was established to ensure, 

between periodic images of the nanoclusters, a vacuum space of circa 10 Å).  

6.2.2 Ru55 model 

The Ru55 model is a hcp spheroid which its geometrical characteristics, surface hydrides 

coverage are published elsewhere.11 Adsorption of phenylpyridine12 and ethanoic acid13 

have also been studied on the surface of hydrogenated Ru NPs (Ru55H70, Ru55H32, Ru55H15). 

6.2.3 Ni38 model 

The Ni38 model is a face-centred cubic (fcc) spheroid. The hydride coverage of the Ni hy-

drogenated model Ni38H35 was optimized according to the hydrides surface coverage de-

termined experimentally, following the procedure described below. 
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6.2.4 Ru13Ni25 model 

The Ru13Ni25 model was built starting from the Ni38 model by replacing several Ni atoms 

on the core of the NP by Ru atoms, according to the WAXS analyses which determined the 

core-shell structure obtained experimentally. The number of Ru and Ni atoms was decided 

taking into consideration the experimental results. 

6.2.5 Adsorption energies 

𝐸௔ௗ௦(𝐻) =
1

𝑛
ቂ𝐸(𝑛𝐻∗) − 𝐸(𝑁𝑃) −

𝑛

2
𝐸(𝐻ଶ)ቃ 

𝐸௔ௗ௦(𝐋) =
1

𝑛
[𝐸(𝑛𝐋∗) − 𝐸(𝑁𝑃) − 𝐧𝐸(𝐋)] 

To clarify, this adsorption energy is dissociative in the case of hydrides. 

6.2.6 Charge calculations 

The density of states projected onto an atomic Slater basis set (pDOS) were integrated up 

to the Fermi energy to perform from the VASP wavefunction a Mulliken population analy-

sis (MPA). The Lobster software, by using the basis set pbeVASPfit, allowed the projection 

of the PAW wavefunction.14The charge spilling, a factor evaluating the projection quality, 

was regularly lower than 1%. An assessment comparing these MPA charges to other 

schemes of electronic density decomposition (CM5, Natural Population Analysis, AIM-

Bader) is available.15 

6.2.7 d-band centre values (Ɛd) 

The d-band centre values were computed using the pDOS acquired with the LOBSTER 

software.16This model is supported by the principle that the binding energy of an adsorbate 

on a metal surface depends mainly on the electronic structure of the surface.17 The strength 

of the bonding on the surface increases with the closeness of the 𝜀ௗto the Fermi energy 

(𝐸ி). Weak adsorption energies are therefore related to a large difference (𝐸ி–Ɛௗ). 

6.3 Synthesis of metal nanoparticles 

6.3.1 RuNi/PVP 

In a classic reaction, the metallic precursors [Ru(η4-C8H12)(η6-C8H10)] and/or [Ni(η4- 

C8H12)2] and PVP were added in a Fisher Porter (FP) bottle in a glovebox, where they were 



Chapter 6: Experimental details 
 _______________________________________________________________________  

246 
 

dissolved in THF. At the fume hood, the FP bottle with the yellow solution was pressurized 

with 3 bars of H2 and heated to 85 ºC in an oil bath. The solution became black after some 

minutes evidencing the decomposition of the metallic complexes. The synthesis remained 

under vigorous stirring at 85 ºC overnight. The day after, the excess of H2 was removed 

from the FP bottle followed by the concentration of the colloidal suspension under vac-

uum. To ensure a good precipitation of the NP, pentane was added. The black solid, after 

filtrating through a cannula under argon, was washed twice with pentane, following the 

same procedure. The washed NPs were then dried under reduced pressure overnight. For 

each metallic composition of the studied NPs, the reactant quantities are noted herein. 

Ru/PVP. 140.4 mg (0.445 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 150 mg of PVP, and 40 mL 

of THF. Yield: 102.7 mg. ICP anal.: 24.2 % Ru. 

Ru3Ni1/PVP. 105.3 mg (0.334 mmol) of [Ru(η4-C8H12)(η6- C8H10)], 30.6 mg (0.111 mmol) 

of [Ni(η4-C8H12)2], 150 mg of PVP, and 40mL of THF. Yield: 131.2mg. ICP anal.: 17.0 % 

Ru; 3.7 % Ni. 

Ru1Ni1/PVP. 45.0 mg (0.143 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 39.2 mg (0.143 mmol) of 

[Ni(η4-C8H12)2], 100 mg of PVP, and 40 mL of THF. Yield: 72.3 mg. ICP anal.: 10.2 % Ru; 

5.7 % Ni. 

Ru1Ni3/PVP. 35.1 mg (0.111 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 91.8 mg (0.334 mmol) of 

[Ni(η4-C8H12)2], 150 mg of PVP, and 40 mL of THF. Yield: 147.8 mg. ICP anal.: 7.9 % Ru; 

14.6 % Ni. 

Ru1Ni20/PVP. 7.0 mg (0.022 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 116.3 mg (0.423 mmol) of 

[Ni(η4-C8H12)2], 150 mg of PVP, and 40 mL of THF. Yield: 92.9 mg. ICP anal.: 1.5 % Ru; 

17.6 % Ni. 

Ni/PVP. 117.6 mg (0.425 mmol) of [Ni(η4-C8H12)2], 150 mg of PVP, and 40 mL of THF. 

Yield: 114.1 mg. ICP anal.: 17.9 % Ni.  

6.3.2 RuNi/PPh2Py 

In a classic reaction, the metallic precursors [Ru(η4-C8H12)(η6-C8H10)] and/or [Ni(η4- 

C8H12)2] complexes and PPh2Py were added in a FP bottle in a glovebox, where they were 

dissolved in THF. At the fume hood, the FP bottle with the orange solution was pressur-

ized with 3 bars of H2 and heated to 85 ºC in an oil bath. The solution became black after 

some minutes evidencing the decomposition of the metallic complexes. The synthesis re-
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mained under vigorous stirring at 85 ºC overnight. The day after, the excess of H2 was re-

moved from the FP bottle followed by the concentration of the colloidal suspension under 

vacuum. To ensure a good precipitation of the NP, pentane was added. The black solid, 

after filtrating through a cannula under argon, was washed twice with pentane, following the 

same procedure. The washed NPs were then dried under reduced pressure overnight.  

When using [Ru(η4-C8H12)(PPh2Py)2] or [Ni(η4- C8H12)(PPh2Py)2] complexes as precursors 

for the synthesis of Ru1Ni1/PPh2Py, they were decomposed, with [Ru(η4-C8H12)(η6-C8H10)] 

and [Ni(η4- C8H12)2] respectively, under 3 bars of H2 an heated at 85 ºC in an oil bath. In 

these cases, no additional PPh2Py was added. The colour of the solution changed in both 

cases from dark red to black when pressurising. The day after, the excess of H2 was re-

moved from the FP bottle followed by the concentration of the colloidal suspension under 

vacuum. To ensure a good precipitation of the NP, pentane was added. The black solid, 

after filtrating through a cannula under argon, was washed twice with pentane, following the 

same procedure. The washed NPs were then dried under reduced pressure overnight. 

For each metallic composition of the studied NPs, the reactant quantities are noted herein: 

Ru/PPh2Py. 149.8 mg (0.475 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 25.0 mg of PPh2Py, and 

40 mL of THF. Yield: 42.0 mg. ICP anal.: 81.8 % Ru; 7.3 % P. P/Ru (surface) = 0.05 

RuPNi/PPh2Py. 100.0 mg (0.136 mmol) of [Ru(η4-C8H12)(PPh2Py)2], 37.4 mg (0.136 mmol) 

of [Ni(η4-C8H12)2] and 40 mL of THF. Yield: 33.7 mg. ICP anal.: 19.8 % Ru; 13.4 % Ni; 

14.8% P. P/M (surface) =0 .1 

RuNi/PPh2Py. 74.9 mg (0.237 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 65.3 mg (0.237 mmol) of 

[Ni(η4-C8H12)2], 25.0 mg of PPh2Py, and 40 mL of THF. Yield: 30.9 mg. ICP anal.: 51.2 % 

Ru; 32.7 % Ni; 7.4 % P. P/Ni (surface) = 0.08 

RuNiP/PPh2Py. 45.5 mg (0.144 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 100.3 mg (0.145 mmol) 

of [Ni(η4-C8H12)(PPh2Py)2] and 40 mL of THF. Yield: 34.3 mg . ICP anal.: 19.3 % Ru; 13.0 

% Ni; 10.8 % P. P/M (surface) = 0.06 

Ni/PPh2Py. 130.6 mg (0.475 mmol) of [Ni(η4-C8H12)2], 25.0 mg of PPh2Py, and 40 mL of 

THF. Yield: 16.6 mg. ICP anal.: 65.8 % Ni; 7.9 % P. P/Ni (surface) = 0.08 

6.3.3 RuNi/AdCOOH 

In a classic reaction, the metallic precursors [Ru(η4-C8H12)(η6-C8H10)] and/or [Ni(η4- 

C8H12)2] and AdCOOH were added in a FP bottle in a glovebox, where they were dissolved 
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in THF. At the fume hood, the FP bottle with the yellow solution was pressurized with 3 

bars of H2 and heated to 85 ºC in an oil bath. The solution became black after some min-

utes evidencing the decomposition of the metallic complexes going through an orange col-

our. In the case of the Ni/AdCOOH NPs, no colour change was observed before heating 

while, with the Ru-containing NPs, the solution became black when pressurizing with H2. 

The synthesis remained under vigorous stirring at 85 ºC overnight. The day after, the excess 

of H2 was removed from the FP bottle followed by the concentration of the mixture under 

vacuum. To ensure a good precipitation of the NP, pentane was added. The black solid, 

after filtrating through a cannula under argon, was washed twice with pentane, following the 

same procedure. The washed NPs were then dried under reduced pressure overnight. For 

each metallic composition of the studied NPs, the reactant quantities are noted herein. 

Ru1Ni1/AdCOOH. 65.62 mg (0.208 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 57.14 mg (0.208 

mmol) of [Ni(η4-C8H12)2], 14.98 mg of AdCOOH, and 40 mL of THF. Yield: 7.3 mg. ICP 

anal.: 36.0 % Ru; 22.9 % Ni. 

Ni/AdCOOH. 114.56 mg (0.417 mmol) of [Ni(η4-C8H12)2], 14.98 mg of AdCOOH, and 40 

mL of THF. Yield: 1.9 mg. ICP anal.: 76,9 % Ni. 

6.3.4 RuCu/PVP 

In a classic reaction, the metallic precursors [Ru(η4-C8H12)(η6-C8H10)] and/or [Cu(C9H11)] 

and PVP were added in a FP bottle in a glovebox, where they were dissolved in THF. At 

the fume hood, the FP bottle with the yellow (for bimetallic and monometallic Ru reac-

tions) or brown/dark orange solution (monometallic Cu reactions) was pressurized with 3 

bars of H2 and heated to 100 ºC in an oil bath. The solution became black (for monometal-

lic Cu, dark Bordeaux red) after some minutes evidencing the decomposition of the metallic 

complexes. The synthesis remained under vigorous stirring at 100 ºC overnight. The day 

after, the excess of H2 was removed from the FP bottle followed by the concentration of 

the colloidal suspension under vacuum. To ensure a good precipitation of the NP, pentane 

was added. The black solid, after filtrating through a cannula under argon, was washed twice 

with pentane, following the same procedure. The washed NPs were then dried under re-

duced pressure overnight. For each metallic composition of the studied NPs, the reactant 

quantities are noted herein. 

Ru/PVP. 140.6 mg (0.446 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 150 mg of PVP, and 40 mL 

of THF. Yield: 162.5 mg. ICP anal.: 22.2 % Ru. 
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Ru2Cu1/PVP. 105.3 mg (0.334 mmol) of [Ru(η4-C8H12)(η6- C8H10)], 32.3 mg (0.177 mmol) 

of [Cu(C9H11)], 150 mg of PVP, and 40 mL of THF. Yield: 163.5 mg. ICP anal.: 15.9 % Ru; 

5.6 % Cu. 

Ru1Cu1/PVP. 111.7 mg (0.354 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 64.7 mg (0.354 mmol) 

of [Cu(C9H11)], 150 mg of PVP, and 40 mL of THF. Yield: 155.6 mg. ICP anal.: 18.6 % Ru; 

14.1 % Cu. 

Ru1Cu2/PVP. 70.2 mg (0.222 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 64.7 mg (0.354 mmol) of 

[Cu(C9H11)], 150 mg of PVP, and 40 mL of THF. Yield: 149.8 mg. ICP anal.: 13.7 % Ru; 

15.9 % Cu. 

Ru1Cu20/PVP. 11.2 mg (0.036 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 122.9 mg (0.673 mmol) 

of [Cu(C9H11)], 150 mg of PVP, and 40 mL of THF. Yield: 161.3 mg. ICP anal.: 1.7 % Ru; 

20.2 % Cu. 

Cu/PVP. 129.4 mg (0.708 mmol) of [Cu(C9H11)], 150 mg of PVP, and 40 mL of THF. 

Yield: 136.8 mg. ICP anal.: 19.8 % Cu. 

6.3.5 Cu/amines 

In a classic reaction, the metallic precursor [Cu(C9H11)] and an amine (DDA or HDA) were 

added in a FP bottle in a glovebox, where they were dissolved in THF. At the fume hood, 

the FP bottle with the dark orange/brown solution was pressurized with 3 bars of H2 and 

heated to 80, 100 or 120 ºC in an oil bath. The synthesis remained under vigorous stirring 

and heating overnight. The day after, the excess of H2 was removed from the FP bottle 

followed by the concentration of the colloidal suspension under vacuum. To ensure a good 

precipitation of the NP, pentane was added. The black solid, after filtrating through a can-

nula under argon, was washed twice with pentane, following the same procedure. The 

washed NPs were then dried under reduced pressure overnight. For each metallic composi-

tion of the studied NPs, the reactant quantities are noted herein. 

Ru1Cu1/1 equivalents (eq.) HDA@100 ºC. 111.7 mg (0.354 mmol) of [Ru(η4-C8H12)(η6-

C8H10)], 64.8 mg (0.354 mmol) of [Cu(C9H11)], 85.7 mg of HDA, and 40 mL of THF. Yield: 

63.2 mg. ICP anal.: 6.2 % Ru; 4.0 % Cu. 

Cu/2 eq. HDA 120 ºC. 131.6 mg (0.720 mmol) of [Cu(C9H11)], 173.8 mg of HDA, and 20 

mL of THF. Yield: 23.7 mg. ICP anal.: 80.8 % Cu. 
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Cu/1 eq. HDA 120 ºC. 131.6 mg (0.720 mmol) of [Cu(C9H11)], 86.9 mg of HDA, and 20 

mL of THF. Yield: 28.9 mg. ICP anal.: 83.1 % Cu. 

Cu/1 eq. HDA 100 ºC. 131.6 mg (0.720 mmol) of [Cu(C9H11)], 86.9 mg of HDA, and 20 

mL of THF. Yield: 39.2 mg. ICP anal.: 57.1 % Cu. 

Cu/1 eq. HDA 80 ºC. 32.9 mg (0.180 mmol) of [Cu(C9H11)], 21.7 mg of HDA, and 5 mL of 

THF. Yield: 28.0 mg. ICP anal.: 17.1 % Cu. 

Cu/0.4 eq. HDA 100 ºC. 131.6 mg (0.720 mmol) of [Cu(C9H11)], 34.8 mg of HDA, and 20 

mL of THF. Yield: 4.4 mg. ICP anal.: 77.4 % Cu. 

Cu/0.4 eq. HDA 80 ºC. 32.9 mg (0.180 mmol) of [Cu(C9H11)], 8.7 mg of HDA, and 5 mL 

of THF. Yield: 4.4 mg. ICP anal.: 97.7 % Cu. 

Cu/0.2 eq. HDA 80 ºC. 32.9 mg (0.180 mmol) of [Cu(C9H11)], 4.4 mg of HDA, and 5 mL 

of THF. Yield: 7.4 mg. ICP anal.: 88.9 % Cu. 

Cu/0.08 eq. DDA 80 ºC. 32.9 mg (0.180 mmol) of [Cu(C9H11)], 1.7 mg of DDA, and 5 mL 

of THF. Yield: 5.7 mg. ICP anal.: 70.6 % Cu. 

6.4 Synthesis of metals complexes 

6.4.1 [Ru(η4-C8H12)(PPh2Py)2]  

[Ru(η4-C8H12)(η6-C8H10)] complex was added in a Schlenk flask (SF) in a glovebox, where 

they were dissolved in dry acetone. PPh2Py was added in the flask turning the pale yellow 

solution to orange. After 6 h stirring at RT in the glovebox, the solution became brown. At 

the fume hood, the acetone was evaporated obtaining a dark residue. This solid was washed 

three times with dry pentane to eliminate the cyclooctatriene and the excess of ligand. The 

resulting black solid was dried overnight under reduced pressure. 

[Ru(η4-C8H12)(PPh2Py)2]. 100.1 mg (0.317 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 208.1 mg of 

PPh2Py, and 10 mL of dry acetone. Yield: 129.0 mg. ICP anal.: 11.7 % Ru; 9.3 % P. 

6.4.2 [Ni(η4-C8H12)(PPh2Py)2] 

[Ni(η4-C8H12)2] complex was added in a SF in a glovebox, where they were dissolved in 

diethyl ether (Et2O). PPh2Py was added in the flask turning the pale yellow solution to or-

ange together with the appearance of an orange precipitate. After, it was stirred 2 h at RT in 
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the glovebox, and then, the solvent was removed by decantation. The bright orange solid 

obtained was washed twice with Et2O to eliminate the cyclooctatriene and the excess of 

ligand. The resulting black solid was dried overnight under reduced pressure. 

[Ni(η4-C8H12)(PPh2Py)2]. 100.0 mg (0.364 mmol) of [Ni(η4-C8H12)2], 197.1 mg of PPh2Py, 

and 5 mL of Et2O. Yield: 157.4 mg. ICP anal.: 10.8 % Ni; 10.5 % P. 

6.5 Surface reactivity with CO 

To study the surface reactivity, CO was adsorbed on the surface of the NP in the solid state 

(SS). The reactivity test consisted on inserting a pure solid sample of NP in a FP that was 

then pressurised with 1.5 bar of CO during 24 h. The day after, the CO was removed from 

the FP under reduced pressure during 20 minutes. Then, the ATR-IR spectra were recorded 

in a glovebox.  

6.6 Quantification of hydrides on RuNi/PVP metal nanoparti-

cles 

The quantification of hydrides per surface metal atoms was performed by slightly modifying 

a previous methodology previously described.19 

The metallic precursors [Ru(η4-C8H12)(η6-C8H10)] and/or [Ni(η4- C8H12)2] and PVP were 

added in a FP in a glovebox, where they were dissolved in THF. At the fume hood, the FP 

with the yellow solution was pressurized with 3 bars of H2 and heated to 85 ºC in an oil 

bath. The solution became black after some minutes evidencing the decomposition of the 

metallic complexes. The synthesis remained under vigorous stirring at 85 ºC overnight. The 

day after, the excess of H2 was removed from the FP followed by the evaporation of the 

THF from the colloidal suspension until drying. In a glovebox, 52.7 mg (0.56 mmol) of 

norbornene and 11.9 mg (0.07 mmol) of dodecane as internal standard were added in the 

FP bottle, together with THF (10 mL). The solution was stirred and samples were collected 

at 0 h, 24 h and 48 h, under Ar, filtrated through an alumina column and analysed by GC-

MS.  

Knowing that two hydrides are needed for the conversion of norbornene to norbornane, 

the number of mmol of hydrides was calculated in correlation to the mmol of norbornane 

established through GC analyses. The number of mmol of metal present on the surface was 

calculated from the amount of NPs weighted taking into account the ICP results and their 
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size. For each metallic composition of the studied NPs, the reactant quantities are noted 

herein. The ratio H/Msurface was calculated for the following NPs: 

Ru/PVP. 35.1 mg (0.111 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 37.5 mg of PVP, and 10 mL 

of THF. H/Msurface = 1.3 ± 0.2 

Ru3Ni1/PVP. 26.5 mg (0.084 mmol) of [Ru(η4-C8H12)(η6- C8H10)], 7.7 mg (0.028 mmol) of 

[Ni(η4-C8H12)2], 37.5 mg of PVP, and 10 mL of THF. H/Msurface = 1.8 ± 0.1 

Ru1Ni1/PVP. 17.6 mg (0.056 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 15.3 mg (0.056 mmol) of 

[Ni(η4-C8H12)2], 37.5 mg of PVP, and 10 mL of THF. H/Msurface = 1.6 ± 0.2 

Ru1Ni3/PVP. 8.8 mg (0.028 mmol) of [Ru(η4-C8H12)(η6-C8H10)], 23.1 mg (0.084 mmol) of 

[Ni(η4-C8H12)2], 37.5 mg of PVP, and 10 mL of THF. H/Msurface = 1.1 ± 0.4 

Ni/PVP. 30.5 mg (0.111 mmol) of [Ni(η4-C8H12)2], 37.5 mg of PVP, and 10 mL of THF. 

H/Msurface = 0.9 ± 0.1 

6.7 Catalytic hydrogenation reactions 

The catalytic hydrogenations were performed at LCC in Toulouse in a stainless steel high-

pressure batch TOP Industries reactor of 200 mL. In a classic reaction, a mixture of 4 

mmol of substrate, 0.5 mmol of internal standard and the 0.02 mmol of metal present in the 

catalyst in 15 mL of the wished solvent were filled in the autoclave in a glovebox. At the 

fume hood, the inert atmosphere inside the reactor was eliminated by purging with H2 three 

times. Then, the autoclave was heated, loaded with the desired H2 pressure, and stirred at 

1200 rpm. During the catalytic reaction, samples were collected at different times and ana-

lysed by GC, using the internal standard method. A quantitative analysis was performed by 

preparing several calibration solutions from the available commercial products. 

6.7.1 Furfural 

In a classic catalytic FF hydrogenation, a mixture of 384.3 mg (4 mmol) of FF, 71.1 mg (0.5 

mmol) of decane (with THF as solvent) or 85.2 mg (0.5 mmol) of dodecane (with 1-PrOH 

as solvent) and the 0.02 mmol of metal present in the RuNi/PVP or RuCu/PVP series of 

catalysts, in 15 mL of THF or 1-PrOH were filled in the autoclave in a glovebox.  

In the case of RuNi/PVP NPs for the FF hydrogenation in THF, hot filtration was also 

executed by stopping the reaction after one hour reaction. The reactor was then introduced 

in a glovebox where the catalyst was filtrated through an alumina path. Afterwards, the 
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autoclave was filled again with the solution, this time, free of catalyst. The reactor was pres-

surised with 20 bars of H2 and heated at 125 ºC. After one hour stirring at 1200 rpm, the 

reaction was stopped and analysed by GC. 

6.7.2 Quinoline 

In a classic catalytic quinoline hydrogenation, a mixture of 516.6 mg (4 mmol) of quinoline, 

85.2 mg (0.5 mmol) of dodecane and the 0.02 mmol of metal present in the catalysts, in 15 

mL of 1-PrOH were filled in the autoclave in a glovebox.  

6.8 Catalytic deuteration reactions 

The catalytic deuterations were performed at LIKAT in Rostock. The deuterations were 

carried out in glass vials. When using H2 pressure the septum of the vials was perforated, 

and the vials were placed in a stainless steel high-pressure batch Parr Instrument reactor of 

300 mL. In a classic reaction, a mixture of 0.250 mmol of substrate and the 0.02 mmol of 

metal present in the Ru/PVP were filled in the glass vials in a glovebox. At the fume hood, 

1.5 mL of D2O were added under Ar flow. Then, the vial was heated on a hotplate and 

stirred at 600 rpm overnight. When using H2 pressure, the stainless steel was purged with 

H2 three times. Then, the autoclave was loaded with 10 bar of H2, heated at the desired 

temperature and stirred at 600 rpm.  

After the catalytic reaction, an NMR analysis was performed for each sample. The reaction 

was filtrated or centrifuged to eliminate the catalyst. Next, chloroform (CHCl3) or ethyl 

acetate (1.5 mL) were added to the aqueous mixture. The organic phase was extracted and 

dried with Na2SO4. Both phases were dried overnight and the resulting solid was analysed 

by NMR.  

6.8.1 4-Methoxyaniline 

In a classic catalytic 4-MeOAn deuteration reaction, a mixture of 30.8 mg (0.250 mmol) of 

4-MeOAn and the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial. 

At the fume hood, 1.5 mL of D2O were added under Ar flow. Then, the vial was heated on 

a hotplate or in the autoclave with a needle through a septum and stirred at 600 rpm over-

night. 
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6.8.2 4-(Trifluoromethyl)benzaldehyde 

In a classic catalytic 4-TFMBAL deuteration, a mixture of 43.5 mg (0.250 mmol) of 4-

TFMBAL and the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial. 

At the fume hood, 1.5 mL of D2O were added under Ar flow. Then, the vial was heated on 

a hotplate or in the autoclave with a needle through a septum and stirred at 600 rpm over-

night. 

6.8.3 Methyl 2,3-O-isopropylidene-β-D-ribofuranoside  

In a classic catalytic MOIBRIBOF deuteration, a mixture of 51.1 mg (0.250 mmol) of 

MOIBRIBOF and the 0.02 mmol of metal present in the Ru/PVP were added in the glass 

vial. At the fume hood, 1.5 mL of D2O were added under Ar flow. Then, the vial was 

heated on a hotplate or in the autoclave with a needle through a septum and stirred at 600 

rpm overnight. 

6.8.4 Methyl β-D-ribofuranoside  

In a classic catalytic MEBRIBOF deuteration, a mixture of 41.0 mg (0.250 mmol) of ME-

BRIBOF and the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial. 

At the fume hood, 1.5 mL of D2O were added under Ar flow. Then, the vial was heated on 

a hotplate or in the autoclave with a needle through a septum and stirred at 600 rpm over-

night. 

6.8.5 Adenosine 

In a classic catalytic ADNS deuteration, a mixture of 66.8 mg (0.250 mmol) of ADNS and 

the 0.02 mmol of metal present in the Ru/PVP were added in the glass vial. At the fume 

hood, 1.5 mL of D2O were added under Ar flow. Then, the vial was heated on a hotplate or 

in the autoclave with a needle through a septum and stirred at 600 rpm overnight. 
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General conclusions and future perspectives 

In this thesis, we have designed a series of bimetallic nanoparticles (NPs) by nanoalloying Ru with 

two earth-abundant metals: Ni and Cu. Several ligands have been used as stabilisers, such as 

polyvinvylpyrrolidone (PVP), diphenylphosphinopyridine (PPh2Py), 1-adamantanecarboxylic acid 

(AdCOOH) and hexadecylamine (HDA). The main objective was to apply these new materials in 

catalysis to obtain value-added chemicals thinking on the energy transition. 

RuNi/PVP NPs were successfully synthesised, observing the importance of the reaction 

temperature for a successful decomposition of the Ni metallic precursor during the NPs synthesis. 

All these synthesised materials were sized between 1 and 2 nm, including the NPs containing a 

higher amount of Ni. Moreover, a core-shell structure with Ru in the core was determined, through 

WAXS analyses, for the bimetallic catalysts. XPS measurements and the reduction of the 

magnetisation compared to the monometallic Ni, confirmed further that Ru and Ni are in close 

vicinity in the bimetallic NPs. 

The RuNi/PVP NPs were then tested as catalysts for the hydrogenation of furfural (FF). Synergetic 

effects were observed between both metals, being the maximum of this synergy at the metallic ratio 

Ru/Ni = 1. Solvent effects were seen when comparing the catalytic results in tetrahydrofuran 

(THF) and 1-propanol (1-PrOH). With the latter solvent, it was observed the possibility of further 

hydrogenation of the furfuryl ring and C-O bond cleavage leading to tetrahydrofurfuryl alcohol 

(HMTHF) and 1,2-pentanediol (1,2-PeD) respectively. 

These solvent effects were further studied by running density functional theory (DFT) calculations. 

Two models of NPs were built for each metal (Ru and Ni) to represent both THF and 1-PrOH 

solvents. When comparing the results, it was observed that 1-PrOH plays an important role in the 

hydrogenation of FF on Ru NPs, as propanolate species were adsorbed on the NPs surface 

showing beneficial catalytic effects. 

RuCu/PVP NPs were successfully synthesised resulting to small NPs between 1 and 1.2 nm size, 

including the ones with high Cu content. WAXS analyses indicated a core-shell structure for the 

bimetallic NPs being Ru in the core and a surface rich on Cu2O. EDX analyses pointed out that not 

all the Cu was adsorbed on the bimetallic NPs but some remained as clusters or isolated atoms. The 

bimetallic nature of the RuCu/PVP NPs was confirmed by the decrease of magnetisation 

compared to monometallic Cu. 

The RuCu/PVPs were tested as catalysts for the hydrogenation of FF. Monometallic Cu/PVP NPs 

displayed interesting results in catalysis, reaching similar activities to monometallic Ru/PVP NPs. 
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However, bimetallic RuCu/PVP showed lower turnover frequency (TOF) values than the 

monometallic counterparts. 

RuNi/PPh2Py NPs were successfully synthesised resulting to small NPs of 2 nm or less. WAXS 

analyses indicated a core-shell structure with Ru in the core, even if it would be interesting to 

confirm the results using extended X-ray absorption fine structure (EXAFS) analysis. The 

coordination of the phosphine ligand in bimetallic NPs was observed by solid state nuclear 

magnetic resonance (SS NMR). The bimetallic nature of the NPs was confirmed by the 

magnetisation decrease observed for the RuNi/PPh2Py sample, compared to monometallic Ni. 

The RuNi/PVP NPs and RuNi/PPh2Py NPs were also tested as catalysts for the hydrogenation of 

quinoline (QN). In comparison to FF hydrogenation, the Ru1Ni1/PVP performance was lower in 

QN hydrogenation, even if a high selectivity towards 1,2,3,4-tetrahydroquinoline (1-THQ) was 

obtained. N-alkylation reactions were obtained from the condensation of the amine products, 1-

THQ and decahydroquinoline (DHQ), with 1-PrOH. RuNi/PPh2Py NPs preliminary results 

showed promising performances on the QN hydrogenation compared to the monometallic 

Ru/PPh2Py catalyst. 

During the 3-months internship at LIKAT in Rostock (Germany), Ru/PVP NPs were used as 

catalysts for deuteration reactions of several organic molecules. 4-methoxyaniline (4-MeOAn) 

resulted to hydrogenated products, when performing the reaction under H2 pressure, and PVP 

leaching, without pressurising. 4-trifluoromethylbenzaldehyde (TFMBAL) resulted to hydrogenated 

products, when using H2 pressure, and the deuteration of formyl H, without pressurising. Methyl 

2,3-O-Isopropylidene-β-D-ribofuranoside (MOIBRIBOF), a protected sugar, was deprotected 

under H2 pressure and epimerised without pressurising. Adenosine (ADNS) resulted to a selective 

deuterium labelling without observing any epimerisation of the sugar backbone. 

The results obtained and described in this doctoral thesis are inspiring for the perspectives of future 

research: 

a) RuNi/AdCOOH of less than 2 nm size has already been synthesised but need further 

characterisation. After, it would be interesting to test them as catalyst for some 

hydrogenation reactions. In the same way, Cu/HDA NPs with different compositions have 

also been synthesised. After obtaining some homogeneity, it may be interesting to 

synthesise bimetallic core-shell RuCu NPs with Cu in the core and try their performance in 

catalysis.  

b) After observing the production of 1,2-PeD during the FF hydrogenation performed on 

RuNi/PVP NPs in 1-PrOH, it would be of interest to replace the solvent (1-PrOH) by 

H2O, aiming to increase 1,2-PeD formation. 
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c) Concerning QN hydrogenation, further catalytic reactions are needed to better compare 

the performance of RuNi/PVP NPs and RuNi/PPh2Py NPs. 

d) Looking at DFT studies, further calculations would be needed to corroborate the 

mechanism of FF hydrogenation on Ni38H35 NP in 1-PrOH. Moreover, different bimetallic 

Ru13Ni25 models have already been built and it would be of interest to continue the study 

with the adsorption of the different species. Like this, a complete study of the system 

would be obtained and the high performance of Ru1Ni1/PVP would be also supported by 

DFT. 
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Résumé de thèse : Conception rationnelle de catalyseurs à base de 

nanoparticules bimétalliques : application à la valorisation de la 

biomasse. 

1. Introduction 

Le changement climatique est une préoccupation grandissante, en raison des conséquences sur la planète 

Terre, notamment la vie végétale et animale, et donc sur la vie des populations et sur leur santé. Le 

rapport Lancet Countdown de 2020 mentionne 43 indicateurs du changement climatique.1 L'Organisation 

météorologique mondiale, une agence spécialisée des Nations unies, a quant à elle publié en 2018 six 

indicateurs majeurs pour évaluer l'état du climat : la température, les gaz à effet de serre et l'ozone, les 

océans, la cryosphère, les facteurs de variabilité interannuelle et les événements extrêmes.2 Les participants 

à la 21e Conférence des Parties (COP21) en 20115 ont convenu de limiter l'augmentation de la 

température moyenne mondiale à 1,5 °C par rapport aux niveaux préindustriels.3,4 L’une des 

recommandations de la COP21, est de maintenir une recherche continue dans le domaine de l’énergie afin 

de disposer de sources d'énergie renouvelables en remplacement des énergies fossiles. Comme on peut 

l'observer sur la figure 1, les combustibles fossiles représentaient, en 2021, 77 % de la consommation 

mondiale d'énergie.5 Leur substitution par des sources d’énergie renouvelables est donc parmi les enjeux 

majeurs de notre société pour aller vers une transition énergétique. Ceci requiert le développement de 

technologies durables. 

29%

22,9%

4%

25,2%

6,3%
2,8%

1,5%
0,6%

1,3%
6,3%

 Traditional biomass
 Coal
 Oil
 Natural gas
 Nuclear
 Hydropower
 Wind
 Solar
 Modern biofuels
 Other renewables  

Figure 1: Consommation mondiale d’énergie primaire par source en 2021. 

Différents types de sources d'énergies renouvelables, telles que l'énergie solaire ou éolienne, ont déjà été 

développés et commercialisés.6 En ce qui concerne la filière chimique, le remplacement des ressources 

fossiles est principalement axé sur l’utilisation de la biomasse.7 La biomasse lignocellulosique constitue 

une matière première renouvelable prometteuse pour remplacer les ressources fossiles dans la production 

d'énergie et de produits chimiques de valeur ajoutée.8,9 
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A partir des trois composants de la biomasse lignocellulosique, la cellulose, l'hémicelluloses et la lignine, il 

est possible d'obtenir plusieurs molécules plateformes telles que le furfural (FF) et le 2,5-

hydroxymethdylfurfural (HMF), qui peuvent à leur tour être transformées en d'autres produits chimiques, 

par exemple par des réactions d'hydrogénation, d'oxydation, d'acétalisation ou de décarbonylation.10–12 Les 

molécules provenant de la biomasse traitée par des étapes de craquage et d'hydrotraitement sont similaires 

à celles des combustibles fossiles, ce qui permet d'utiliser les mêmes équipements de production.13 Les 

nanoalliages utilisés comme catalyseurs dans les raffineries de pétrole, la fabrication pétrochimique, la 

chimie fine, les réactions d'évolution de l'hydrogène ou de réduction de l'oxygène, sont donc censés être 

également efficaces pour la conversion des molécules issues de la biomasse.14,15 Toutes ces 

transformations doivent pouvoir être réalisées de manière efficace pour qu’elles soient intégrées dans 

l'industrie de la transition énergétique; la mise au point de catalyseurs performants en termes d’activité et 

de sélectivité est donc une étape indispensable.16 

Les nano-alliages, qui contiennent deux métaux ou plus, sont des matériaux intéressants pour de 

nombreuses applications.17,18 En catalyse, les nano-alliages peuvent conduire à une activité supérieure à 

celle de leurs homologues monométalliques en raison d’un effet de synergie entre les métaux associés. 

L’activité catalytique dépend des propriétés des nanoparticules, telles que la composition, la structure, la 

taille ou la forme. La différence de propriétés électroniques entre les métaux qui les composent est un 

autre paramètre qui peut influencer sur la performance catalytique en termes d’activité et de sélectivité.19 

Les catalyseurs bimétalliques sont utilisés dans une grande variété d'applications en lien avec la 

valorisation de la biomasse lignocellulosique pour l’accès à divers produits chimiques de valeur ajoutée. 

Ces produits sont obtenus via différentes réactions telles que le reformage, l'oxydation, l'hydrogénolyse, 

l'hydrodésoxygénation ou les hydrogénations.20 

Par exemple, l'hydrogénolyse du glycérol a conduit au 1,2-propanediol sur un catalyseur bimétallique 

RuCu (à 230 ºC et 80 bar de H2), tandis qu'il a été converti en 1,3-propanediol sur un catalyseur 

bimétallique PtCu (à 210 ºC et 1 bar de H2).21,22 Parmi les réactions d'hydrodésoxygénation, la vanilline a 

été convertie en méthylcyclohexanol sur un catalyseur bimétallique CoNi (à 200 ºC et 10 bar de H2). 

Plusieurs molécules oxygénées de la biomasse, comme le HMF, ont été transformées à leur tour en 

obtenant les meilleures activités et sélectivités avec les catalyseurs bimétalliques, Co5Zn1Ox, qu'avec leurs 

homologues monométalliques.23,24 En catalyse d'hydrogénation, on peut citer la conversion de l'acide 

lévulinique en γ-valérolactone sur un catalyseur bimétallique RuSn (à 180 ºC et 35 bar de H2), et celle de 

plusieurs aldéhydes oxygénés de la biomasse, tels que le FF, en leurs alcools correspondants sur un 

catalyseur bimétallique PtNi (à 100 ºC et 10 bar de H2), avec de meilleures performances qu’en utilisant 

les homologues monométalliques.25,26 

Des effets synergiques entre les métaux ont également été observés avec des catalyseurs bimétalliques 

RuNi pour les réactions d'hydrogénation de la quinoléine (QN) et du FF. L'hydrogénation de la QN a été 
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testée sur des catalyseurs bimétalliques NiRu/Al2O3 (à des températures de 300 ºC à 400 ºC avec des 

pressions d'H2 de 200 bar et 250 bar), montrant une augmentation de l'activité avec la température, et la 

possibilité d’une réaction d'hydrodéshydrogénation à 400 ºC résultant en la formation de 2-hexène.27 

L'hydrogénation de la QN sur RuNi/C (à 100 ºC avec 50 bar de H2) a mis en évidence des effets 

synergiques entre les métaux, avec une activité plus élevée par rapport aux homologues monométalliques 

et en faveur de la formation majoritaire du 1,2,3,4-Tetrahydroquinoléine (1-THQ).28 L'hydrogénation du 

FF sur des catalyseurs bimétalliques Ru-Ni/Al2O3 (à 100 ºC avec 54 bar de H2), a aussi mis en lumière des 

effets synergiques entre les métaux, avec une activité comparativement à celle des homologues 

monométalliques, et surtout une sélectivité quasi complète pour l’alcool furfurylique (HF).29 

Une étude bibliographique a montré que les connaissances disponibles concernant les hydrogénations de 

la QN et du FF sur des catalyseurs bimétalliques RuNi sont rares; le travail rapporté dans cette thèse a 

permis d’obtenir de nouveaux résultats, conduisant ainsi à de nouvelles connaissances dans un domaine 

en évolution, la valorisation de la biomasse. Des NPs de RuCu ont aussi été synthétisées et évaluées en 

catalyse. 

2. Synthèse et caractérisation des nanoparticules métalliques RuNi et 

RuCu 

En lien avec la transition énergétique, l’implémentation de technologies pour l’utilisation de la biomasse 

lignocellulosique à l’échelle industrielle nécessite la mise au point de catalyseurs performants et bon 

marché. Les métaux nobles tels que Pt,30 Ru,31 Rh,32 Re33 et Ir34 sont connus pour conduire à des 

catalyseurs actifs dans des conditions douces, mais leur faible abondance implique qu’ils sont chers. Pour 

réduire le coût des catalyseurs, une solution est d’utiliser des métaux abondants, mais ils ont comme 

inconvénient de nécessiter des conditions de réaction drastiques, telles que 200-400 bars de H2.35 En 

conséquence allier les métaux nobles et les métaux abondants dans des catalyseurs bimétalliques apparait 

comme une alternative à explorer plus avant. Les catalyseurs bimétalliques et trimétalliques, voire plus, 

ont déjà montré leur intérêt en catalyse, en raison de performances améliorées par rapport à celles de leurs 

homologues monométalliques grâce à des effets synergiques.19 

Notre étude s’est focalisée sur le développement de catalyseurs nanométriques pour l'hydrogénation de 

molécules plateforme provenant de la biomasse lignocellulosique. Dans ce but, nous avons choisi le Ru, 

l'un des métaux nobles les moins chers, bien connu pour son activité dans diverses réactions de 

réduction.36 Comme métaux abondants, nous avons choisi le Ni et le Cu, même s'ils sont tous deux 

connus pour être des métaux non miscibles avec le Ru à l’état massif.37 La présence de Ni ou de Cu sur 

un catalyseur de Ru induit des propriétés électroniques différentes qui peuvent conduire à des effets 

synergiques entre les métaux, comme confirmé par des analyses XPS.38 Une modification de la structure39 

ou du ratio entre les deux métaux38 peut permettre d’optimiser l’activité catalytique et la sélectivité. 
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Figure 3: Image TEM des NPs de Ru
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Des essais à température ambiante (TA) on conduit à une population non homogène constituée d’un 

Ni et de petites NPs de Ru (Figure 2). Ce résultat peut s’expliquer par la 

décomposition plus lente du précurseur de nickel alors que celle du complexe de ruthénium est rapide à 

ure. Les synthèses suivantes ont donc été réalisées à 85 °C en utilisant des ratios [Ru]/[Ni] 

variable afin de disposer d’une série de NPs de compositions en métaux différentes. 
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nano-objets numérotés 1 et 2. 

Toutes les NPs bimétalliques RuNi/PVP synthétisées à 85 ºC ont présenté une taille inférieure à 2 nm, 

synthétisées avec une teneur en Ni élevée (Figure 3) et celle avec une activité plus élevée en 

ne structure de type cœur-coquille avec le Ru au cœur et le Ni en surface

TEM et WAXS.  
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Figure 4: Image TEM des NPs de Ru

En XPS, un décalage des énergies de liaison du Ru et du Ni a été observé. Par ailleurs une 

drastique de l'aimantation à saturation a été obtenue par SQUID 

de la proximité du Ru et du Ni dans les NPs

Figure 5: Cycles d'hystérésis magnétiques des NPs bimétalliques et monométalliques stabilisées 

PVP mesurés à RT 

La synthèse de NPs bimétalliques RuNi

comme ligand a également été réalisée. La première stratégie de synthèse à consister à partir d

complexes [Ru(η4-C8H12)(κ2-PPh2

Schémas 2 et 3. L’objectif était de tirer parti de la présence des ligands dans la sphère de coordination des 

métaux pour orienter la croissance des NPs.

Schéma 2: Synthèse du complexe [Ru(
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Image TEM des NPs de Ru1Ni1/PVP synthétisées à 85 ºC (barre d'échelle 100

l'histogramme de taille respectif. 
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la proximité du Ru et du Ni dans les NPs et ont permis de conclure quant à leur nature bimétallique. 
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ont été synthétisés selon les 

L’objectif était de tirer parti de la présence des ligands dans la sphère de coordination des 

 

Py)]. 



 

Schéma 3

La décomposition de ces complexes 

précédemment appliquée pour la synthèse des NPs RuNi/PVP a donc été utilisée

ont été utilisées en remplaçant la PVP par 

(Schéma 4). Des NPs monométalliques de Ru et Ni ont également été préparées de cette façon, pour 

comparaison. 

Schéma 4: Synthèse de NPs RuNi/PPh

C8H12)2]. 

Des NPs monométalliques et bimétalliques de 

semble être de type cœur-coquille avec 

plus approfondie en utilisant l'EXAFS

pour confirmer la structure cœur-coquille

Figure 6: Image TEM de NPs de

C8H12)(PPh

Une étude par RMN du solide a mis en évidence

la surface des NPs RuNi. Les mesures magnétiques ont montré une 

avec la présence de Ru indiquant la proximité du 

bimétallique des NPs RuNi. 
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Schéma 3: Synthèse du complexe [Ni(η4-C8H12)(PPh2Py)2]. 

complexes n’ayant pas conduit à des NPs contrôlées comme espéré, la méthode 

précédemment appliquée pour la synthèse des NPs RuNi/PVP a donc été utilisée. Les mêmes conditions

PVP par le ligand PPh2Py ajouté dans un rapport Molaire [M]/[L] de 0.2

Des NPs monométalliques de Ru et Ni ont également été préparées de cette façon, pour 

RuNi/PPh2Py par co-décomposition de [Ru(η4-C8H12)(η

Des NPs monométalliques et bimétalliques de taille ≤ à 2 nm (Figure 6) ont été obtenues 

coquille avec le Ru au cœur et le Ni en surface. Cependant une étude structurale 

utilisant l'EXAFS (structure fine d'absorption des rayons X étendue

coquille. 

de RuPNi/PPh2Py (barre d'échelle 50 nm) synthétisées à partir de [Ru(

)(PPh2Py)2] et l'histogramme de taille correspondant. 

mis en évidence la coordination de la phosphine selon un

RuNi. Les mesures magnétiques ont montré une diminution drastique de l'aimantation 

indiquant la proximité du Ru et du Ni (Figure 7), certifiant 

 

n’ayant pas conduit à des NPs contrôlées comme espéré, la méthode 

Les mêmes conditions 

ajouté dans un rapport Molaire [M]/[L] de 0.2 

Des NPs monométalliques de Ru et Ni ont également été préparées de cette façon, pour 

 

)(η6-C8H10)] ou [Ni(η4- 

) ont été obtenues dont la structure 

Cependant une étude structurale 

tructure fine d'absorption des rayons X étendue) est nécessaire 

 
sées à partir de [Ru(η4-

selon un mode bidenté à 

diminution drastique de l'aimantation 

), certifiant ainsi la nature 



 

Figure 7: Cycles d'hystérésis magnétique

stabilisées par PPh

Nous avons ensuite considéré le 1

conditions de synthèse identiques à celles utilisées pour la PVP ont été appliquées (Schéma 5) avec un 

ratio rapport molaire [M]/[L] de 5. 

observée par rapport aux stabilisant

introduit pour l’agitation du milieu réactionnel, ce qui caractérise en général la formation de grosses NPs 

ou une agglomération. La taille moyenne

avérée inférieure à 2 nm (Figure 

évidence une large dispersion en taille

l’agglomération. 

Schéma 5

Figure 8: Image TEM de NPs de 

respectif. 
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Cycles d'hystérésis magnétiques des NPs bimétalliques RuNi et monométalliques 

stabilisées par PPh2Py, mesurés à température ambiante. 

1-Adamantanecarboxylic acid (AdCOOH) comme ligand stabilisant. Des 

conditions de synthèse identiques à celles utilisées pour la PVP ont été appliquées (Schéma 5) avec un 

ratio rapport molaire [M]/[L] de 5. Pour les NPs monométalliques de Ni, une faible stabilisation a été 

stabilisants PVP et PPh2Py ; les NPs étaient agrégées sur le barreau 

introduit pour l’agitation du milieu réactionnel, ce qui caractérise en général la formation de grosses NPs 

a taille moyenne des NPs de RuNi/AdCOOH synthétisées (Schéma 5) 

inférieure à 2 nm (Figure 8). L’analyse TEM des NPs monométalliques Ni/AdCOOH

en taille qui peut être attribuée à la présence de NPs plus grosses et/ou de 

Schéma 5: Synthèse des NPs de RuNi/AdCOOH. 

de RuNi/AdCOOH (barre d'échelle 200 nm) et l'histogramme de taille 

et monométalliques de Ni 

) comme ligand stabilisant. Des 

conditions de synthèse identiques à celles utilisées pour la PVP ont été appliquées (Schéma 5) avec un 

Ni, une faible stabilisation a été 

sur le barreau aimanté 

introduit pour l’agitation du milieu réactionnel, ce qui caractérise en général la formation de grosses NPs 

es NPs de RuNi/AdCOOH synthétisées (Schéma 5) s’est 

Ni/AdCOOH a mis en 

la présence de NPs plus grosses et/ou de 

 

 
l'histogramme de taille 



 

Nous nous sommes ensuite intéressés à la synthèse d’une série de 

composition en Ru et Ni variables et stabilisées par la PVP dans des conditions similaires mais à 

(Schéma 6). Les NPs ainsi obtenues ont montré 

préparées à une teneur élevée en Cu

objectif de comparaison. 

Schéma 6

L’analyse structurale (TEM-EDX) a mis en évidence

du Cu2O à la surface mais tout le Cu 

de clusters ou d'atomes isolés (Figure 9

Figure 9: Image HAADF-STEM de Ru

Quant aux NPs Cu/PVP, l’analyse TEM a montré la présence de 

nm) les plus grosses semblant être des NPs creuses (Figure 

Cu2O/PVP.  
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Nous nous sommes ensuite intéressés à la synthèse d’une série de NPs bimétalliques 

composition en Ru et Ni variables et stabilisées par la PVP dans des conditions similaires mais à 

. Les NPs ainsi obtenues ont montré une taille comprise entre 1.0 et 1.2 nm, 

en Cu. Des NPs monométalliques de cuivre ont aussi été préparées dans un 

Schéma 6: Synthèse des NPs de RuCu/PVP 

EDX) a mis en évidence une structure cœur-coquille avec du Ru au cœur et 

O à la surface mais tout le Cu introduit pour la synthèse n’a pas été incorporé

(Figure 9). 

STEM de Ru1Cu1/PVP synthétisé à 100 °C (en haut) ainsi qu'une analyse 

EDX linéaire (en bas). 

, l’analyse TEM a montré la présence de deux populations de NPs (1,3 nm et 4,9 

nt être des NPs creuses (Figure 10). L'analyse WAXS a indiqué

bimétalliques RuCu/PVP de 

composition en Ru et Ni variables et stabilisées par la PVP dans des conditions similaires mais à 100 ºC 

une taille comprise entre 1.0 et 1.2 nm, y compris celles 

Des NPs monométalliques de cuivre ont aussi été préparées dans un 

 

coquille avec du Ru au cœur et 

n’a pas été incorporé, restant sous forme 

 
°C (en haut) ainsi qu'une analyse 

deux populations de NPs (1,3 nm et 4,9 

a indiqué des NPs de 



 

Figure 10: Image TEM de NPs de Cu/PVP 

Pour les bimétalliques RuCu, la proximité 

drastique de l'aimantation en présence de Ru (Figure 1

Figure 11: Cycles d'hystérésis magnétique des NPs

Un dernier ligand a été testé, l’hexadécylamine (HDA). Tout d’abord d

été synthétisées à 80 ºC, 100 ºC et 120

(Schéma 7). 

Schéma 7

Des échantillons non homogènes 

Le meilleur compromis entre taille et homogénéité s’est trouvé avec l

Cu/HDA à 100 ºC et 0.4 équivalents (eq.) 

NPs plus homogène suggérant leur nature bimétallique.
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: Image TEM de NPs de Cu/PVP (barre d'échelle 100 nm) et l'histogramme de taille respecti

a proximité du Ru et du Cu a aussi été mise en évidence par la diminution 

drastique de l'aimantation en présence de Ru (Figure 11), confirmant leur nature bimétallique.

 
Cycles d'hystérésis magnétique des NPs de Cu/PVP et RuCu/PVP mesuré

Un dernier ligand a été testé, l’hexadécylamine (HDA). Tout d’abord des NPs de Cu/

ºC et 120 ºC et en utilisant des éq. molaires de HDA de 0

 

chéma 7: Synthèse des NPs de Cu/HDA et Cu/DDA. 

homogènes avec une augmentation des tailles avec la température

entre taille et homogénéité s’est trouvé avec la synthèse de 

uivalents (eq.) molaire de HDA (Figure 12), a conduit à une population de 

suggérant leur nature bimétallique. 

 
l'histogramme de taille respectif. 

été mise en évidence par la diminution 

leur nature bimétallique. 

 
Cu/PVP et RuCu/PVP mesurés à RT. 

es NPs de Cu/HDA (HDA) ont 

de HDA de 0.2, 0.4, 1.0 et 2.0 

une augmentation des tailles avec la température ont été observés. 

 NPs bimétalliques de 

a conduit à une population de 



 

Figure 12: Image TEM de NPs de 

3. Catalyse d'hydrogénation du furfural et de la quinoléine

Le furfural (FF) est un aldéhyde furanique qui peut être obtenu à partir de la biomasse lignocellulosique et 

qui présente un grand intérêt dans l’industrie chimique pour la synthèse de carburants ou comme 

intermédiaire de synthèse.53 La quinoléine(

produits naturels, qui possède une vaste gamme d'activités biologiques

la conception de cellules photovoltaïques

dessus, ont été évaluées comme catalyseurs pour les réactions d'hydrogénation du FF et de la QN, en 

comparaison avec leurs homologues monométalliques

celles de la littérature.  

Les tests catalytiques réalisés à 125

évidence des effets synergiques entre les deux métaux 

conduisant sélectivement à l’alcool furfurylique (

Ru/Ni = 1 (Figure 13). Un effet

observé dans cette réaction, le 1

Functional Theory (DFT) ont été menés afin de corroborer les observations expérimentales par une 

analyse de l’adsorption du substrat et du solvant et du mécanisme réactionnel potenti

suivante). Les calculs d'énergies d'adsorption des réactifs 

fonction du solvant. Le 1-PrOH induit 

a un effet bénéfique sur la performance catalytique. 

conduisant respectivement à l’alcool

ont été observées sur les NPs de Ru/PVP dans le 1

observée sur les solutions obtenues par filtration à chaud après la catalyse, ce qui indique une bonne 

stabilité des NPs dans les conditions de catalyse appliquées
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M de NPs de Cu/0.4 eq. HDA synthétisées à 100 ºC (barre d'échelle 

l'histogramme de taille respectif. 

d'hydrogénation du furfural et de la quinoléine

est un aldéhyde furanique qui peut être obtenu à partir de la biomasse lignocellulosique et 

dans l’industrie chimique pour la synthèse de carburants ou comme 

a quinoléine(QN) est un N-hétérocycle que l'on peut trouver dans des 

possède une vaste gamme d'activités biologiques.54 La QN est également utile pour 

la conception de cellules photovoltaïques organiques.55 Les nanoparticules de RuNi et RuCu

ées comme catalyseurs pour les réactions d'hydrogénation du FF et de la QN, en 

comparaison avec leurs homologues monométalliques, dans des conditions douces comparativement à 

125 °C sous 20 bar de H2 avec la série de NPs RuNi/

effets synergiques entre les deux métaux dans la réaction d'hydrogénation 

ment à l’alcool furfurylique (HF). Ces effets ont été maximisés 

effet important du solvant (THF ou 1-propanol, 1-PrOH) a 

, le 1-PrOH conduisant à une meilleure réactivité. Des 

) ont été menés afin de corroborer les observations expérimentales par une 

analyse de l’adsorption du substrat et du solvant et du mécanisme réactionnel potenti

d'énergies d'adsorption des réactifs ont mis en évidence des différences notables en 

PrOH induit la présence d'espèces de propanolate à la surface 

la performance catalytique. L'hydrogénation du cycle furanique 

à l’alcool tétrahydrofurfurylique (HMTHF) et au 1,2-Pentanediol

es sur les NPs de Ru/PVP dans le 1-PrOH. Fait intéressant, aucune lixiviation n'a été 

sur les solutions obtenues par filtration à chaud après la catalyse, ce qui indique une bonne 

stabilité des NPs dans les conditions de catalyse appliquées. 

 
ºC (barre d'échelle 200 nm) et 

d'hydrogénation du furfural et de la quinoléine 

est un aldéhyde furanique qui peut être obtenu à partir de la biomasse lignocellulosique et 

dans l’industrie chimique pour la synthèse de carburants ou comme 

hétérocycle que l'on peut trouver dans des 

est également utile pour 

es nanoparticules de RuNi et RuCu décrites ci-

ées comme catalyseurs pour les réactions d'hydrogénation du FF et de la QN, en 

ditions douces comparativement à 

RuNi/PVP ont mis en 

'hydrogénation du FF (Schéma 8) 

ont été maximisés avec la composition 

PrOH) a également été 

PrOH conduisant à une meilleure réactivité. Des calculs de Density 

) ont été menés afin de corroborer les observations expérimentales par une 

analyse de l’adsorption du substrat et du solvant et du mécanisme réactionnel potentiel (voir section 

ont mis en évidence des différences notables en 

la surface métallique, ce qui 

furanique et son ouverture, 

Pentanediol (1,2-PeD), 

aucune lixiviation n'a été 

sur les solutions obtenues par filtration à chaud après la catalyse, ce qui indique une bonne 
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Schéma 8: Schéma réactionnel simplifié de l'hydrogénation catalytique du FF en divers produits de valeur 

ajoutée. Furfural (FF), alcool furfurylique (HF), alcool tétrahydrofurfurylique (HMTHF), 2-méthylfurane 

(MEF) et 2-méthyltétrahydrofurane (MTHF). 

Ru/PVP

Ru3Ni1/
PVP

Ru1N
i1/

PVP

Ru1N
i3/PVP

Ru1N
i20/PVP

0

20

40

60

80

100

120

140

 Selectivity in THF
 Selectivity in 1-propanol
 TOF in THF
 TOF in 1-propanol

T
ur

no
ve

r 
fr

eq
ue

n
cy

 (
h-1

)

50

60

70

80

90

100

 Selectivity (%
)

 
Figure 13: Fréquence de rotation (barres) et sélectivité (points) vis-à-vis de HF en fonction des 

catalyseurs dans l'hydrogénation de FF dans le THF (barres pointillées, points carrés) et le 1-PrOH 
(barres vertes, points circulaires). 

Les NPs de Cu/PVP ont aussi montré des performances catalytiques prometteuses pour l'hydrogénation 

de FF, donnant des activités similaires à celles observées sur le nanocatalyseur Ru/PVP pur. 

Malheureusement, les NPs de RuCu/PVP ont montré des performances catalytiques inférieures à celles 

de leurs homologues monométalliques (Figure 14); néanmoins, les propriétés de ces catalyseurs pourraient 

être intéressantes pour d'autres transformations catalytiques. 
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Figure 14: Fréquence de rotation (barres) et sélectivité (points) envers HF en fonction des catalyseurs 

dans l'hydrogénation sélective de FF dans 1-PrOH. 

Concernant l'hydrogénation de la QN (Schéma 9), les nanocatalyseurs Ru1Ni1/PVP se sont avérés moins 

performants que pour l'hydrogénation du FF, mais une haute sélectivité vers 1-THQ a été obtenue. Des 

réactions de N-alkylation ont également été observées résultant de la condensation des produits 1,2,3,4-

Tetrahydro-n-propyl-quinoléine(1-THPQ) et decahydro-1-propyl-quinoléine(DHPQ) avec le 1-PrOH 

(Schémas 10 et 11). Enfin, des résultats préliminaires obtenus sur les NPs de RuNi/PPh2Py pour la même 

réaction montrent qu'il s'agit d'un catalyseur actif et plus performant qu'un système monométallique de 

Ru/PPh2Py. Ce résultat peut être attribué à un effet de synergie entre les deux métaux. 

+ H 2

 

Schéma 9: Schéma réactionnel simplifié de l'hydrogénation catalytique de la QN en divers produits de 

valeur. Quinoléine (QN), 1,2,3,4-Tétrahydroquinoléine (1-THQ), 5,6,7,8-Tétrahydroquinoléine (5-THQ), 

et Décahydroquinoléine (DHQ). 
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Schéma 10: Schéma réactionnel simplifié de la réaction de condensation entre 1-THQ et 1-PrOH sur le 

catalyseur Ru1Ni1/PVP, formant 1-THPQ. 

 

Schéma 11: Schéma réactionnel simplifié de la réaction de condensation entre DHQ et 1-PrOH sur le 

catalyseur Ru1Ni1/PVP, formant du DHPQ. 

En regard des données de la bibliographie, de parles conditions douces appliquées les résultats obtenus en 

hydrogénation catalytique du FF sont très intéressants. De plus ils valident l’approche de synthèse suivie 

pour le développement de catalyseurs bimétalliques RuNi performants pour cette réaction. La catalyse 

d’hydrogénation de la QN ouvre également des pistes intéressantes. 

4. Calculs DFT des modèles Ru et Ni pour l'hydrogénation du furfural 

Les calculs par DFT (Density Functional Theory ) constituent une approche pertinente pour la simulation 

et la conception de matériaux très performants pour un grand nombre d'applications,56 en particulier pour 

l’étude des propriétés de composés inorganiques compliqués, et ont au fil des travaux atteint une grande 

précision pour un faible coût de calcul.57 Les calculs DFT sont basés sur le théorème de Hohenberg-

Kohn,58 qui indique que, si la densité électronique du système est connue, toutes les propriétés 

électroniques du composé objet de l’étude peuvent être calculées. La DFT est ainsi devenue une 

alternative efficace aux méthodes classiques Hartree-Fock et post-Hartree-Fock pour l’étude des 

complexes métalliques. L'application de la DFT sur des systèmes de plus grande dimension reste limitée 

par la disponibilité des ressources informatiques, en raison de l'extensibilité de ces méthodes, même si 

l'application sur de petits complexes a déjà été rapportée.59 Les principaux avantages de la DFT pour les 

systèmes contenant des métaux sont : la bonne extensibilité du système avec la taille, l'adéquation des 

orbitales calculées pour leur analyse et l'interprétation de la liaison entre les atomes et les propriétés du 

système.60 

La DFT permet de calculer plusieurs propriétés qui peuvent être utiles pour comprendre les géométries,61 

l'énergie et les mécanismes de réactions,62 les fréquences vibrationnelles,63 et les propriétés 

spectroscopiques,64 observées expérimentalement. Des études DFT ont permis d’étudier différentes 

propriétés telles que magnétiques, catalytiques ou optiques pour des nanomatériaux, en accord avec les 

résultats expérimentaux.65 

Le progiciel de simulation Vienna ab initio simulation package (VASP) est un outil intéressant en DFT car 

il permet de calculer l'énergie totale et la structure électronique des systèmes métalliques via un ensemble 
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de base à ondes planes.66 La proposition Perdew, Burke et Ernzerhof (PBE) de l'approche du gradient 

généralisé est utilisée pour l'approximation du potentiel de corrélation d'échange.67 La méthode des ondes 

augmentées par projecteur (PAW) est d'une grande précision, avec des erreurs sur les longueurs de liaison 

inférieures à 0,5 %, y compris pour des systèmes difficiles telles que ceux présentant de grandes 

différences d'électronégativité et de forts moments magnétiques.68 

Une collaboration entre notre équipe et celle du Pr R. Poteau au LPCNO-Toulouse, a permis de réaliser 

des calculs DFT et d’en comparer les résultats avec les données expérimentales de catalyse 

d’hydrogénation du furfural. Les calculs DFT réalisés dans ce travail de thèse ont été menés à partir de 

modèles de NPs de Ru et Ni déjà publiés, constitués de 55 et 38 atomes, respectivement. 

Le modèle Ru55 est sphéroïde et de structure hexagonale compacte (hcp).69 Des études sur des versions 

hydrogénés de modèle (Ru55H70, Ru55H32, Ru55H15) ont permis d’étudier l'adsorption de ligands tels que 

l’imidazolium-amidinates70 et l'acide éthanoïque71 sur la surface de NPs de Ru. Le Ru55H70 est un modèle 

de choix pour simuler le comportement des NPs Ru/PVP en condition d’hydrogénation,69 car le taux de 

couverture de la surface métallique par des atomes d’hydrogènes (H) calculé théoriquement69 est similaire 

à celui trouvé expérimentalement.72  

Le modèle de NP de Ni38 a déjà été caractérisé et décrit comme une structure cubique à faces centrées (fcc) 

hautement symétrique,73 étant le cluster Ni qui représente le mieux la structure fcc parmi ceux contenant 

entre 13 et 55 atomes. Le Ni38H35 est un bon modèle dans des conditions d'hydrogénation saturée pour 

les NPs de Ni/PVP, sachant que 36 atomes d'hydrogène peuvent être adsorbés sur la surface du Ni38 par 

une chimisorption dissociative.74 

En ce qui concerne les systèmes RuNi bimétallique nous avons utilisé le modèle Ru13Ni25, où les atomes 

de Ru sont principalement dans le cœur. Ce modèle est assez proche des clusters Ru13Ni13 déjà 

rapportés.75 

Les calculs DFT sur l'adsorption et l'hydrogénation de molécules plateformes, telles que le FF ou le HMF, 

sur des NPs métalliques sont rares.76 A notre connaissance, ce travail est la première étude théorique de la 

réactivité catalytique du FF et de ses dérivés sur une surface hydrogénée de NPs de Ru et de Ni.  

Afin de représenter les deux solvants (THF et 1-PrOH) utilisés en catalyse, deux modèles différents de 

NPs de Ru ont été construits (Figure 15). Les charges des atomes d’hydrogène (H) se sont avérées 

négatives sur la surface du Ru dans le cas du THF mais positives pour les H proches des molécules de 1-

PrOH adsorbées sur la surface métallique. 



 

THF 

1-

Figure 15 Modèles de Ru55H70 utilisés pour étudier les réactions d'hydrogénation dans le THF (en haut) 

et dans le 1-PrOH (en bas). Le site actif considéré est mis en évidence par un halo jaune. La partie 

inférieure des modèles n'est pas représentée pour des raisons de clarté.

Une compétition entre FF et THF pour l'adsorption sur les sites actifs de la surface de la NP a été 

observée pour le modèle Ru55H70/

désorption de HF et la présence de THF comme entravant 

16). 

Figure 16: Profil énergétique pour l'hydrogénation 

Les énergies sont données en kcal

Sur le modèle Ru55H70/1-PrOH, le 1

continu de H2 favorable à l’hydrogénation. 

former respectivement HMTHF et 1,2

calculs DFT (Figure 17). 
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THF model

-PrOH model

 
utilisés pour étudier les réactions d'hydrogénation dans le THF (en haut) 

PrOH (en bas). Le site actif considéré est mis en évidence par un halo jaune. La partie 

inférieure des modèles n'est pas représentée pour des raisons de clarté.

ne compétition entre FF et THF pour l'adsorption sur les sites actifs de la surface de la NP a été 

/THF. Un flux continu de H2 a été observé comme 

la présence de THF comme entravant l'hydrogénation du cycle furanique (Figure 

 
Profil énergétique pour l'hydrogénation du FF sur une nanoparticule de Ru

Les énergies sont données en kcal·mol-1. 

PrOH, le 1-PrOH s’est avéré intervenir dans l'hydrogénation 

favorable à l’hydrogénation. Les réactions d'hydrogénation et d'ouverture de cycle pour 

former respectivement HMTHF et 1,2-PeD, ainsi que la formation d'acétal ont pu être 

  

utilisés pour étudier les réactions d'hydrogénation dans le THF (en haut) 

PrOH (en bas). Le site actif considéré est mis en évidence par un halo jaune. La partie 

inférieure des modèles n'est pas représentée pour des raisons de clarté. 

ne compétition entre FF et THF pour l'adsorption sur les sites actifs de la surface de la NP a été 

a été observé comme étant favorable à la 

hydrogénation du cycle furanique (Figure 

FF sur une nanoparticule de Ru55H70 dans le THF. 

l'hydrogénation du FF et un flux 

Les réactions d'hydrogénation et d'ouverture de cycle pour 

pu être expliquées par des 



 

Figure 17: Profil énergétique potentiel

PrOH. Les possibles points de départ vers la formation d'acétal, de HMTHF ou de 

également indiqués. Les énergies sont données en kcal

Deux modèles différents de NPs de Ni

(THF et 1-PrOH) utilisés en catalyse

Figure 18: Modèles de Ni38H35 utilisés pour étudier 

le 1-PrOH (en bas). La partie inférieure des modèles n'est pas représentée pour plus de clarté.

Sur le modèle Ni38H35/THF, un flux continu de H

19). La coordination π de l'interm

furanique observé expérimentalement avec les NPs

surprenante, toutes les valeurs d'énergie d'adsorption 

positives (Figure 20) alors que dans les autres cas elles étaient toutes négatives. 

d'adsorption soient positives signifie qu'elles ne sont pas t

expliquer les résultats expérimenta

moins actif. Le mécanisme d'hydrogénation 

complètement, faute de temps (Figure 20).
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potentiel pour l'hydrogénation du FF sur une NP de Ru

points de départ vers la formation d'acétal, de HMTHF ou de 

également indiqués. Les énergies sont données en kcal·mol-1. 

NPs de Ni ont été également construits, afin de représenter les deux solvants 

PrOH) utilisés en catalyse (Figure 18). 

 
utilisés pour étudier l'hydrogénation du FF dans le THF (en haut) et dans 

PrOH (en bas). La partie inférieure des modèles n'est pas représentée pour plus de clarté.

, un flux continu de H2 s’est avéré favorable à la désorptio

). La coordination π de l'intermédiaire π-HFOH*Ni38H34 peut expliquer l'hydrogénation du cycle 

expérimentalement avec les NPs Ni/PVP lors de l’utilisation du

toutes les valeurs d'énergie d'adsorption calculées sur le modèle Ni

dans les autres cas elles étaient toutes négatives. Le fait que les énergies 

d'adsorption soient positives signifie qu'elles ne sont pas thermodynamiquement favorisées

expérimentaux à savoir que dans la série 1-PrOH, le Ni/PVP est le catalyseur le 

e mécanisme d'hydrogénation du FF sur une NP Ni38H35/1-PrOH n’a pas pu être  élucidé 

, faute de temps (Figure 20). 

 
de Ru55H70 dans le 1-

points de départ vers la formation d'acétal, de HMTHF ou de 1,2-PeD sont 

 

construits, afin de représenter les deux solvants 

dans le THF (en haut) et dans 

PrOH (en bas). La partie inférieure des modèles n'est pas représentée pour plus de clarté. 

favorable à la désorption de HF (Figure 

peut expliquer l'hydrogénation du cycle 

lors de l’utilisation du THF. De façon 

ur le modèle Ni38H35/1-PrOH sont 

e fait que les énergies 

hermodynamiquement favorisées. Ceci peut 

PrOH, le Ni/PVP est le catalyseur le 

n’a pas pu être  élucidé 
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FF
+

σ-FF* π-FF*

σ-HFCH*

π-HFOH*

HF*

 
Figure 19: Profil énergétique pour l'hydrogénation du FF sur une NP de Ni38H35 dans le THF. Les 

énergies sont données en kcal·mol-1. 

FF
+

σ-FF*
π-FF*

σ-HFCH*

π-HFOH*

HF*

σ-FF*

 
Figure 20: Profil énergétique potentiel pour l'hydrogénation du FF sur une NP de Ni38H35 dans le 1-

PrOH. Les énergies sont données en kcal·mol-1. 

Pour simuler les NPs bimétalliques RuNi, trois modèles de Ru13Ni25 hydrogéné (Ru13Ni25-A à C) avec un 

cœur de Ru tel que déterminé par WAXS, et deux modèles (Ru13Ni25-D et E), simulant des alliages, ont 

été construits (Figure 21). L’objectif a été de sonder l’adsorption des mêmes espèces que celles 

précédemment étudiées sur les NPs monométalliques de Ru et Ni. 
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Ru13Ni25-A
-8037.3 kcal·mol-1

Ru13Ni25-D
-7988.6 kcal·mol-1

Ru13Ni25-B
-8008.5 kcal·mol-1

Ru13Ni25-C
-8045.4 kcal·mol-1

Ru13Ni25-E
-7978.2 kcal·mol-1  

Figure 21: Modèles de Ru13Ni25 avec un cœur de Ru (A à C) et avec une structure d'alliage (D et E) avec 

leurs énergies associées en kcal·mol-1. 

5. Réactions de deutération de molécules organiques sur des 
nanoparticules de Ru/PVP 

Le deutérium, un isotope stable et sûr de l'hydrogène, présente un fort intérêt dans différents domaines 

scientifiques. Son utilisation est développée dans l'industrie pharmaceutique pour la recherche de 

nouveaux médicaments car il permet d’en suivre le métabolisme.77 Pour information ce n'est qu'en 2017 

que la Food and Drug Administration (FDA) des États-Unis a accepté les médicaments deutérés.78 

Parmi les nombreuses méthodes pour la synthèse de molécules deutérées, l'une des plus attrayantes est 

l'échange isotopique d'hydrogène (HIE), où l'incorporation de deutérium à des positions clés peut être 

modulée par le choix adéquat du catalyseur. Les molécules organiques étant riches en liaisons C-H, la 

deutération sélective de sites spécifiques est une voie pertinente pour le développement de 

pharmacophores et de produits naturels.79 

Les anilines80 et les aldéhydes aromatiques81 étant constitutifs de nombreux médicaments, ce donc des 

molécules clés dans l'industrie pharmaceutique. Les sucres marqués au deutérium permettent l'étude 

structurelle de macromolécules telles que les acides nucléiques et les glycoprotéines.82 Ils sont également 

constitutifs83 de composés bioactifs chiraux deutérés. Les nucléosides deutérés tels que les adénosines 

sont constitutifs des acides nucléiques, et donc des molécules d’intérêt pour les études structurelles des 

macromolécules biologiques.83 Tous ces procédés présentent un coût élevé et une faible économie 

d'atomes, bien que le D2O soit apparu comme une source alternative de deutérium.84 

Les Ru PVP NPs ont été testées dans la deutération sélective de molécules modèles dans l’eau. Cette 

étude a été réalisée en collaboration avec le groupe du Pr M. Beller au LIKAT de Rostock, Allemagne. 

Pour la deutération de la 4-Methoxyaniline (4-MeOAn) (Schéma 12), aucun marquage au deutérium n'a 

pu être observé malgré la variation des conditions de réaction. Sous 10 bar de H2 à 80 ºC, seuls des 



 

produits hydrogénés ont été obtenus

de la PVP a été observée. 

Schéma 12: Schéma réactionnel simplifié de la deutération catalytique de 4

Pour la deutération de 4-(Trifluoromethyl)benzaldehyde

TFMBAL sous 10 bar de H2 à 80

du cycle du TFMBAL en position 

Schéma 13: Schéma réactionnel

Pour la deutération d’un furanose protégé, le 

(MOIBRIBOF) (Schéma 14), aucune deutériation n’a été observée mais une 

H2 et une déprotection sous pression de H

Schéma 14: Schéma réactionnel simplifié de la deutération catalytique du MOIBRIBOF en MOI

Enfin, l'adénosine (ADNS) a pu être 

squelette du sucre (Schéma 15). 
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obtenus. Curieusement, sans H2 que ce soit à RT ou à 80

 

Schéma réactionnel simplifié de la deutération catalytique de 4-MeOAn en 4

(Trifluoromethyl)benzaldehyde (TFMBAL) (Schéma 13), 

à 80 ºC a été observée. Par contre, en l'absence de H2

position ortho de la fonction aldéhyde ont pu être deutérés.

 

réactionnel simplifié de la deutération catalytique de TFMBAL en TFMBAL(D).

’un furanose protégé, le Methyl 2,3-O-Isopropylidene

aucune deutériation n’a été observée mais une épiméris

pression de H2. 

 

Schéma réactionnel simplifié de la deutération catalytique du MOIBRIBOF en MOI

BRIBOF(D). 

pu être sélectivement marquée au deutérium, sans aucune épimérisation du 

à 80 ºC, une lixiviation 

MeOAn en 4-MeOAn(D). 

(Schéma 13), l’hydrogénation du 

2, les deux hydrogènes 

s. 

tion catalytique de TFMBAL en TFMBAL(D). 

Isopropylidene-β-D-ribofuranoside 

épimérisation en l'absence de 

Schéma réactionnel simplifié de la deutération catalytique du MOIBRIBOF en MOI-

au deutérium, sans aucune épimérisation du 



 

Schéma 15: Schéma réactionnel

Avec une optimisation des conditions réactionnelles et/ou des tests sur d’autres molécules les résultats de 

cette étude préliminaire pourraient ouvrir des pistes de recherche intéressantes.

6. Références 

(1) Watts, N.; Amann, M.; Arnell, N.; Ayeb
P.; Cai, W.; Campbell-Lendrum, D.; Capstick, S.; Chambers, J.; Coleman, S.; Dalin, C.; Daly, M.; 
Dasandi, N.; Dasgupta, S.; Davies, M.; Di Napoli, C.; Dominguez
R.; Ebi, K. L.; Eckelman, M.; Ekins, P.; Escobar, L. E
Graham, H.; Haggar, P.; Hamilton, I.; Hartinger, S.; Hess, J.; Hsu, S.
Mikhaylov, S.; Jimenez, M. P.; Kelman, I.; Kennard, H.; Kiesewetter, G.; Kinney, P. L.; Kjellstrom, 
T.; Kniveton, D.; Lampard, P.; Lemke, B.; Liu, Y.; Liu, Z.; Lott, M.; Lowe, R.; Martinez
Maslin, M.; McAllister, L.; McGushin, A.; McMichael, C.; Milner, J.; Moradi
K.; Munzert, S.; Murray, K. A.; Neville, T.; Nilsson, M.; Sewe, M. O.; Oreszcz
F.; Pearman, O.; Pencheon, D.; Quinn, R.; Rabbaniha, M.; Robinson, E.; Rocklöv, J.; Romanello, M.; 
Semenza, J. C.; Sherman, J.; Shi, L.; Springmann, M.; Tabatabaei, M.; Taylor, J.; Triñanes, J.; 
Shumake-Guillemot, J.; Vu, B.; Wilkin
The 2020 Report of The Lancet Countdown on Health and Climate Change: Responding to 
Converging Crises. The Lancet
6736(20)32290-X 

(2) Taalas, P.; Guterres, A. WMO Statement on the State of the Global Climate in 2018
Organization (WMO): Genf, 

(3) Alfieri, L.; Bisselink, B.; Dottori, F.; Naumann, G.; de Roo, A.; 
Global Projections of River Flood Risk in a Warmer World
https://doi.org/10.1002/2016EF000485

(4) Watts, N.; Amann, M.; Arnell, N.; Ayeb
M.; Byass, P.; Cai, W.; Campbell
Depoux, A.; Dominguez-Salas, P.; Drummond, P.; Ebi, K. L.; Ekins, P.; Montoya, L. F.; Fischer, H.; 
Georgeson, L.; Grace, D.; Graham, H.; Hamilton, I.; Ha
G.; Kjellstrom, T.; Kniveton, D.; Lemke, B.; Liang, L.; Lott, M.; Lowe, R.; Sewe, M. O.; Martinez
Urtaza, J.; Maslin, M.; McAllister, L.; Mikhaylov, S. J.; Milner, J.; Moradi
Murray, K.; Nilsson, M.; Neville, T.; Oreszczyn, T.; Owfi, F.; Pearman, O.; Pencheon, D.; Pye, S.; 
Rabbaniha, M.; Robinson, E.; Rocklöv, J.; Saxer, O.; Schütte, S.; Semenza, J. C.; Shumake
J.; Steinbach, R.; Tabatabaei, M.; Tomei, J.; Trinanes, J.; Whe
Montgomery, H.; Costello, A. The 2018 Report of the Lancet Countdown on Health and Climate 
Change: Shaping the Health of Nations for Centuries to Come. 
https://doi.org/10.1016/S0140

(5) Energy Production and Consumption 
production-consumption 

(6) Owusu, P. A.; Asumadu-Sarkodie, S. A Review of Renewable Energy Sources, Sustainability Issues 
and Climate Change Mitigatio
https://doi.org/10.1080/23311916.2016.1167990

281 

réactionnel simplifié de la deutération catalytique de l'ADNS en ADNS(D).

Avec une optimisation des conditions réactionnelles et/ou des tests sur d’autres molécules les résultats de 

préliminaire pourraient ouvrir des pistes de recherche intéressantes. 

Watts, N.; Amann, M.; Arnell, N.; Ayeb-Karlsson, S.; Beagley, J.; Belesova, K.; Boykoff, M.;
Lendrum, D.; Capstick, S.; Chambers, J.; Coleman, S.; Dalin, C.; Daly, M.; 

Dasandi, N.; Dasgupta, S.; Davies, M.; Di Napoli, C.; Dominguez-Salas, P.; Drummond, P.; Dubrow, 
R.; Ebi, K. L.; Eckelman, M.; Ekins, P.; Escobar, L. E.; Georgeson, L.; Golder, S.; Grace, D.; 
Graham, H.; Haggar, P.; Hamilton, I.; Hartinger, S.; Hess, J.; Hsu, S.-C.; Hughes, N.; Jankin 
Mikhaylov, S.; Jimenez, M. P.; Kelman, I.; Kennard, H.; Kiesewetter, G.; Kinney, P. L.; Kjellstrom, 

pard, P.; Lemke, B.; Liu, Y.; Liu, Z.; Lott, M.; Lowe, R.; Martinez
Maslin, M.; McAllister, L.; McGushin, A.; McMichael, C.; Milner, J.; Moradi-Lakeh, M.; Morrissey, 
K.; Munzert, S.; Murray, K. A.; Neville, T.; Nilsson, M.; Sewe, M. O.; Oreszczyn, T.; Otto, M.; Owfi, 
F.; Pearman, O.; Pencheon, D.; Quinn, R.; Rabbaniha, M.; Robinson, E.; Rocklöv, J.; Romanello, M.; 
Semenza, J. C.; Sherman, J.; Shi, L.; Springmann, M.; Tabatabaei, M.; Taylor, J.; Triñanes, J.; 

Guillemot, J.; Vu, B.; Wilkinson, P.; Winning, M.; Gong, P.; Montgomery, H.; Costello, A. 
The 2020 Report of The Lancet Countdown on Health and Climate Change: Responding to 

The Lancet 2021, 397 (10269), 129. https://doi.or

WMO Statement on the State of the Global Climate in 2018; World Meteorological 
Organization (WMO): Genf, 2019. https://library.wmo.int/doc_num.php?explnum_id=10211
Alfieri, L.; Bisselink, B.; Dottori, F.; Naumann, G.; de Roo, A.; Salamon, P.; Wyser, K.; Feyen, L. 
Global Projections of River Flood Risk in a Warmer World. Earths Future

://doi.org/10.1002/2016EF000485 
Watts, N.; Amann, M.; Arnell, N.; Ayeb-Karlsson, S.; Belesova, K.; Berry, H.; Bouley, T.; B
M.; Byass, P.; Cai, W.; Campbell-Lendrum, D.; Chambers, J.; Daly, M.; Dasandi, N.; Davies, M.; 

Salas, P.; Drummond, P.; Ebi, K. L.; Ekins, P.; Montoya, L. F.; Fischer, H.; 
Georgeson, L.; Grace, D.; Graham, H.; Hamilton, I.; Hartinger, S.; Hess, J.; Kelman, I.; Kiesewetter, 
G.; Kjellstrom, T.; Kniveton, D.; Lemke, B.; Liang, L.; Lott, M.; Lowe, R.; Sewe, M. O.; Martinez
Urtaza, J.; Maslin, M.; McAllister, L.; Mikhaylov, S. J.; Milner, J.; Moradi-Lakeh, M.; Morrissey, K.; 

K.; Nilsson, M.; Neville, T.; Oreszczyn, T.; Owfi, F.; Pearman, O.; Pencheon, D.; Pye, S.; 
Rabbaniha, M.; Robinson, E.; Rocklöv, J.; Saxer, O.; Schütte, S.; Semenza, J. C.; Shumake
J.; Steinbach, R.; Tabatabaei, M.; Tomei, J.; Trinanes, J.; Wheeler, N.; Wilkinson, P.; Gong, P.; 
Montgomery, H.; Costello, A. The 2018 Report of the Lancet Countdown on Health and Climate 
Change: Shaping the Health of Nations for Centuries to Come. The Lancet 2018

g/10.1016/S0140-6736(18)32594-7 
Energy Production and Consumption - Our World in Data. https://ourworldindata.org/energy

Sarkodie, S. A Review of Renewable Energy Sources, Sustainability Issues 
and Climate Change Mitigation. Cogent Eng. 2016, 3

g/10.1080/23311916.2016.1167990 

 

catalytique de l'ADNS en ADNS(D). 

Avec une optimisation des conditions réactionnelles et/ou des tests sur d’autres molécules les résultats de 

Karlsson, S.; Beagley, J.; Belesova, K.; Boykoff, M.; Byass, 
Lendrum, D.; Capstick, S.; Chambers, J.; Coleman, S.; Dalin, C.; Daly, M.; 

Salas, P.; Drummond, P.; Dubrow, 
.; Georgeson, L.; Golder, S.; Grace, D.; 

C.; Hughes, N.; Jankin 
Mikhaylov, S.; Jimenez, M. P.; Kelman, I.; Kennard, H.; Kiesewetter, G.; Kinney, P. L.; Kjellstrom, 

pard, P.; Lemke, B.; Liu, Y.; Liu, Z.; Lott, M.; Lowe, R.; Martinez-Urtaza, J.; 
Lakeh, M.; Morrissey, 
yn, T.; Otto, M.; Owfi, 

F.; Pearman, O.; Pencheon, D.; Quinn, R.; Rabbaniha, M.; Robinson, E.; Rocklöv, J.; Romanello, M.; 
Semenza, J. C.; Sherman, J.; Shi, L.; Springmann, M.; Tabatabaei, M.; Taylor, J.; Triñanes, J.; 

son, P.; Winning, M.; Gong, P.; Montgomery, H.; Costello, A. 
The 2020 Report of The Lancet Countdown on Health and Climate Change: Responding to 

(10269), 129. https://doi.org/10.1016/S0140-

; World Meteorological 
https://library.wmo.int/doc_num.php?explnum_id=10211 

Salamon, P.; Wyser, K.; Feyen, L. 
Earths Future 2017, 5 (2), 171. 

Karlsson, S.; Belesova, K.; Berry, H.; Bouley, T.; Boykoff, 
Lendrum, D.; Chambers, J.; Daly, M.; Dasandi, N.; Davies, M.; 

Salas, P.; Drummond, P.; Ebi, K. L.; Ekins, P.; Montoya, L. F.; Fischer, H.; 
rtinger, S.; Hess, J.; Kelman, I.; Kiesewetter, 

G.; Kjellstrom, T.; Kniveton, D.; Lemke, B.; Liang, L.; Lott, M.; Lowe, R.; Sewe, M. O.; Martinez-
Lakeh, M.; Morrissey, K.; 

K.; Nilsson, M.; Neville, T.; Oreszczyn, T.; Owfi, F.; Pearman, O.; Pencheon, D.; Pye, S.; 
Rabbaniha, M.; Robinson, E.; Rocklöv, J.; Saxer, O.; Schütte, S.; Semenza, J. C.; Shumake-Guillemot, 

eler, N.; Wilkinson, P.; Gong, P.; 
Montgomery, H.; Costello, A. The 2018 Report of the Lancet Countdown on Health and Climate 

2018, 392 (10163), 2479. 

https://ourworldindata.org/energy-

Sarkodie, S. A Review of Renewable Energy Sources, Sustainability Issues 
3 (1), 1167990. 



282 
 

(7) Gallezot, P. Process Options for Converting Renewable Feedstocks to Bioproducts. Green Chem. 
2007, 9 (4), 295. https://doi.org/10.1039/b615413a 

(8) Nanda, S.; Azargohar, R.; Dalai, A. K.; Kozinski, J. A. An Assessment on the Sustainability of 
Lignocellulosic Biomass for Biorefining. Renew. Sustain. Energy Rev. 2015, 50, 925. 
https://doi.org/10.1016/j.rser.2015.05.058 

(9) Putro, J. N.; Soetaredjo, F. E.; Lin, S.-Y.; Ju, Y.-H.; Ismadji, S. Pretreatment and Conversion of 
Lignocellulose Biomass into Valuable Chemicals. RSC Adv. 2016, 6 (52), 46834. 
https://doi.org/10.1039/C6RA09851G 

(10) Cai, C. M.; Zhang, T.; Kumar, R.; Wyman, C. E. Integrated Furfural Production as a Renewable Fuel 
and Chemical Platform from Lignocellulosic Biomass: Furfural Production from Lignocellulosic 
Biomass. J. Chem. Technol. Biotechnol. 2014, 89 (1), 2. https://doi.org/10.1002/jctb.4168 

(11) D. Mthembu, L.; Gupta, R.; Deenadayalu, N. Conversion of Cellulose into Value-Added Products. In 
Cellulose Science and Derivatives; Sand, A., Banga, S., Eds.; IntechOpen, 2021. 
https://doi.org/10.5772/intechopen.100022 

(12) Yue, X.; Queneau, Y. 5‐Hydroxymethylfurfural and Furfural Chemistry Toward Biobased 
Surfactants. ChemSusChem 2022, 15 (13), e202102660. https://doi.org/10.1002/cssc.202102660 

(13) Huber, G. W.; Corma, A. Synergies between Bio- and Oil Refineries for the Production of Fuels 
from Biomass. Angew. Chem. Int. Ed. 2007, 46 (38), 7184. https://doi.org/10.1002/anie.200604504 

(14) Gilroy, K. D.; Ruditskiy, A.; Peng, H.-C.; Qin, D.; Xia, Y. Bimetallic Nanocrystals: Syntheses, 
Properties, and Applications. Chem. Rev. 2016, 116 (18), 10414. 
https://doi.org/10.1021/acs.chemrev.6b00211 

(15) Wei, Q.; Wang, L.; Chen, X.; Wu, C.; Liang, J.; Wei, X.; Deng, K. MoNi Nano-Alloy Loaded on 
Carbon Nanotubes with High Activity and Stability for the Catalytic Hydrogenation of Petro Resin. 
React. Kinet. Mech. Catal. 2022, 135 (5), 2503. https://doi.org/10.1007/s11144-022-02250-6 

(16) Palkovits, R.; Delidovich, I. Efficient Utilization of Renewable Feedstocks: The Role of Catalysis and 
Process Design. Philos. Trans. R. Soc. Math. Phys. Eng. Sci. 2018, 376 (2110), 20170064. 
https://doi.org/10.1098/rsta.2017.0064 

(17) Ferrando, R.; Jellinek, J.; Johnston, R. L. Nanoalloys: From Theory to Applications of Alloy Clusters 
and Nanoparticles. Chem. Rev. 2008, 108 (3), 845. https://doi.org/10.1021/cr040090g 

(18) Jiang, H.; Liu, X.; Zhu, M.-N.; Xu, J.; An, L.; Sui, P.-F.; Luo, J.-L.; Cheng, G. J. Nanoalloy Libraries 
from Laser-Induced Thermionic Emission Reduction. Sci. Adv. 2022, 8 (16), eabm6541. 
https://doi.org/10.1126/sciadv.abm6541 

(19) Kang, X.; Li, Y.; Zhu, M.; Jin, R. Atomically Precise Alloy Nanoclusters: Syntheses, Structures, and 
Properties. Chem. Soc. Rev. 2020, 49 (17), 6443. https://doi.org/10.1039/C9CS00633H 

(20) Alonso, D. M.; Wettstein, S. G.; Dumesic, J. A. Bimetallic Catalysts for Upgrading of Biomass to 
Fuels and Chemicals. Chem. Soc. Rev. 2012, 41 (24), 8075. https://doi.org/10.1039/c2cs35188a 

(21) Jiang, T.; Zhou, Y.; Liang, S.; Liu, H.; Han, B. Hydrogenolysis of Glycerol Catalyzed by Ru-Cu 
Bimetallic Catalysts Supported on Clay with the Aid of Ionic Liquids. Green Chem. 2009, 11 (7), 1000. 
https://doi.org/10.1039/b901425j 

(22) Priya, S. S.; Bhanuchander, P.; Kumar, V. P.; Bhargava, S. K.; Chary, K. V. R. Activity and Selectivity 
of Platinum–Copper Bimetallic Catalysts Supported on Mordenite for Glycerol Hydrogenolysis to 
1,3-Propanediol. Ind. Eng. Chem. Res. 2016, 55 (16), 4461. https://doi.org/10.1021/acs.iecr.6b00161 

(23) Liu, M.; Zhang, J.; Zheng, L.; Fan, G.; Yang, L.; Li, F. Significant Promotion of Surface Oxygen 
Vacancies on Bimetallic CoNi Nanocatalysts for Hydrodeoxygenation of Biomass-Derived Vanillin 
to Produce Methylcyclohexanol. ACS Sustain. Chem. Eng. 2020, 8 (15), 6075. 
https://doi.org/10.1021/acssuschemeng.0c01015 

(24) He, Z.-H.; Jiang, C.-S.; Wang, Z.-Y.; Wang, K.; Sun, Y.-C.; Yao, M.-Q.; Li, Z.-H.; Liu, Z.-T. Catalytic 
Hydrodeoxygenation of Biomass-Derived Oxygenates to Bio-Fuels over Co-Based Bimetallic 
Catalysts. Sustain. Energy Fuels 2020, 4 (9), 4558. https://doi.org/10.1039/d0se00332h 

(25) Wettstein, S. G.; Bond, J. Q.; Alonso, D. M.; Pham, H. N.; Datye, A. K.; Dumesic, J. A. RuSn 
Bimetallic Catalysts for Selective Hydrogenation of Levulinic Acid to γ-Valerolactone. Appl. Catal. B 
Environ. 2012, 117–118, 321. https://doi.org/10.1016/j.apcatb.2012.01.033 

(26) Wu, J.; Liu, C.; Zhu, Y.; Song, X.; Wen, C.; Zhang, X.; Wang, C.; Ma, L. Understanding the 
Geometric and Electronic Factors of PtNi Bimetallic Surfaces for Efficient and Selective Catalytic 
Hydrogenation of Biomass-Derived Oxygenates. J. Energy Chem. 2021, 60, 16. 
https://doi.org/10.1016/j.jechem.2020.12.011 



283 
 

(27) Xie, D.; Liu, X.; Lv, H.; Guo, Y. Products, Pathways, and Kinetics for Catalytic 
Hydrodenitrogenation of Quinoline in Hydrothermal Condition. J. Supercrit. Fluids 2022, 182, 105509. 
https://doi.org/10.1016/j.supflu.2021.105509 

(28) Zhang, H.; Pei, A.; Liao, J.; Ruan, L.; Yang, K.; Wang, J.; Zhu, L.; Chen, B. H. PtRuNi/C Novel 
Nanostructures of Platinum-Ruthenium Island-on-Ni/Ni(OH)2 Nanoparticles for the Selective 
Hydrogenation of Quinoline. J. Alloys Compd. 2020, 834, 155203. 
https://doi.org/10.1016/j.jallcom.2020.155203 

(29) Lee, J.; Kim, Y. T.; Huber, G. W. Aqueous-Phase Hydrogenation and Hydrodeoxygenation of 
Biomass-Derived Oxygenates with Bimetallic Catalysts. Green Chem. 2014, 16 (2), 708. 
https://doi.org/10.1039/c3gc41071d 

(30) Yoshimura, M.; Komatsu, A.; Niimura, M.; Takagi, Y.; Takahashi, T.; Ueda, S.; Ichikawa, T.; 
Kobayashi, Y.; Okami, H.; Hattori, T.; Sawama, Y.; Monguchi, Y.; Sajiki, H. Selective Synthesis of 
Primary Amines from Nitriles under Hydrogenation Conditions. Adv. Synth. Catal. 2018, 360 (8), 
1726. https://doi.org/10.1002/adsc.201800102 

(31) Bagal, D. B.; Bhanage, B. M. Recent Advances in Transition Metal-Catalyzed Hydrogenation of 
Nitriles. Adv. Synth. Catal. 2015, 357 (5), 883. https://doi.org/10.1002/adsc.201400940 

(32) Chatterjee, M.; Sato, M.; Kawanami, H.; Yokoyama, T.; Suzuki, T.; Ishizaka, T. An Efficient 
Hydrogenation of Dinitrile to Aminonitrile in Supercritical Carbon Dioxide. Adv. Synth. Catal. 2010, 
352 (14–15), 2394. https://doi.org/10.1002/adsc.201000514 

(33) Rajesh, K.; Dudle, B.; Blacque, O.; Berke, H. Homogeneous Hydrogenations of Nitriles Catalyzed by 
Rhenium Complexes. Adv. Synth. Catal. 2011, 353 (9), 1479. https://doi.org/10.1002/adsc.201000867 

(34) Chin, C. S.; Lee, B. Hydrogenation of Nitriles with Iridium-Triphenylphosphine Complexes. Catal. 
Lett. 1992, 14 (1), 135. https://doi.org/10.1007/BF00764228 

(35) Roose, P.; Eller, K.; Henkes, E.; Rossbacher, R.; Höke, H. Amines, Aliphatic. In Ullmann’s 
Encyclopedia of Industrial Chemistry; Wiley-VCH Verlag GmbH & Co. KGaA, Ed.; Wiley-VCH Verlag 
GmbH & Co. KGaA: Weinheim, Germany, 2015; 1. 
https://doi.org/10.1002/14356007.a02_001.pub2 

(36) Axet, M. R.; Philippot, K. Catalysis with Colloidal Ruthenium Nanoparticles. Chem. Rev. 2020, 120 
(2), 1085. https://doi.org/10.1021/acs.chemrev.9b00434 

(37) Zhang, R. F.; Kong, X. F.; Wang, H. T.; Zhang, S. H.; Legut, D.; Sheng, S. H.; Srinivasan, S.; Rajan, 
K.; Germann, T. C. An Informatics Guided Classification of Miscible and Immiscible Binary Alloy 
Systems. Sci. Rep. 2017, 7 (1), 9577. https://doi.org/10.1038/s41598-017-09704-1 

(38) Bai, S.; Yao, Q.; Xu, Y.; Cao, K.; Huang, X. Strong Synergy in a Lichen-like RuCu Nanosheet Boosts 
the Direct Methane Oxidation to Methanol. Nano Energy 2020, 71, 104566. 
https://doi.org/10.1016/j.nanoen.2020.104566 

(39) Zhu, L.; Cao, M.; Li, L.; Sun, H.; Tang, Y.; Zhang, N.; Zheng, J.; Zhou, H.; Li, Y.; Yang, L.; Zhong, 
C.-J.; Chen, B. H. Synthesis of Different Ruthenium Nickel Bimetallic Nanostructures and an 
Investigation of the Structure-Activity Relationship for Benzene Hydrogenation to Cyclohexane. 
ChemCatChem 2014, 6 (7), 2039. https://doi.org/10.1002/cctc.201400096 

(40) Amiens, C.; Ciuculescu-Pradines, D.; Philippot, K. Controlled Metal Nanostructures: Fertile Ground 
for Coordination Chemists. Coord. Chem. Rev. 2016, 308, 409. 
https://doi.org/10.1016/j.ccr.2015.07.013 

(41) Qi, X.; Axet, M. R.; Philippot, K.; Lecante, P.; Serp, P. Seed-Mediated Synthesis of Bimetallic 
Ruthenium–Platinum Nanoparticles Efficient in Cinnamaldehyde Selective Hydrogenation. Dalton 
Trans. 2014, 43 (24), 9283. https://doi.org/10.1039/C3DT53539H 

(42) Braga, A. H.; Costa, N. J. S.; Philippot, K.; Gonçalves, R. V.; Szanyi, J.; Rossi, L. M. Structure and 
Activity of Supported Bimetallic NiPd Nanoparticles: Influence of Preparation Method on CO2 
Reduction. ChemCatChem 2020, 12 (11), 2967. https://doi.org/10.1002/cctc.201902329 

(43) Dufour, F.; Fresch, B.; Durupthy, O.; Chaneac, C.; Remacle, F. Ligand and Solvation Effects on the 
Structural and Electronic Properties of Small Gold Clusters. J. Phys. Chem. C 2014, 118 (8), 4362. 
https://doi.org/10.1021/jp409019z 

(44) Godoy, N. V.; Galazzi, R. M.; Chacón-Madrid, K.; Arruda, M. A. Z.; Mazali, I. O. Evaluating the 
Total Gold Concentration in Metallic Nanoparticles with a High Content of Organic Matter through 
Microwave-Assisted Decomposition Platform and Plasma-Based Spectrometric Techniques (ICP-MS 
and ICP OES). Talanta 2021, 224, 121808. https://doi.org/10.1016/j.talanta.2020.121808 



284 
 

(45) Lacroix, L.-M.; Lachaize, S.; Falqui, A.; Respaud, M.; Chaudret, B. Iron Nanoparticle Growth in 
Organic Superstructures. J. Am. Chem. Soc. 2009, 131 (2), 549. https://doi.org/10.1021/ja805719c 

(46) Utsunomiya, S.; Ewing, R. C. Application of High-Angle Annular Dark Field Scanning Transmission 
Electron Microscopy, Scanning Transmission Electron Microscopy-Energy Dispersive X-Ray 
Spectrometry, and Energy-Filtered Transmission Electron Microscopy to the Characterization of 
Nanoparticles in the Environment. Environ. Sci. Technol. 2003, 37 (4), 786. 
https://doi.org/10.1021/es026053t 

(47) Hodoroaba, V.-D.; Motzkus, C.; Macé, T.; Vaslin-Reimann, S. Performance of High-Resolution 
SEM/EDX Systems Equipped with Transmission Mode (TSEM) for Imaging and Measurement of 
Size and Size Distribution of Spherical Nanoparticles. Microsc. Microanal. 2014, 20 (2), 602. 
https://doi.org/10.1017/S1431927614000014 

(48) Lagunas, A.; Jimeno, C.; Font, D.; Solà, L.; Pericàs, M. A. Mechanistic Studies on the Conversion of 
Dicobalt Octacarbonyl into Colloidal Cobalt Nanoparticles. Langmuir 2006, 22 (8), 3823. 
https://doi.org/10.1021/la053016h 

(49) Marbella, L. E.; Millstone, J. E. NMR Techniques for Noble Metal Nanoparticles. Chem. Mater. 2015, 
27 (8), 2721. https://doi.org/10.1021/cm504809c 

(50) Prieto, P.; Nistor, V.; Nouneh, K.; Oyama, M.; Abd-Lefdil, M.; Díaz, R. XPS Study of Silver, Nickel 
and Bimetallic Silver–Nickel Nanoparticles Prepared by Seed-Mediated Growth. Appl. Surf. Sci. 2012, 
258 (22), 8807. https://doi.org/10.1016/j.apsusc.2012.05.095 

(51) Billas, I. M. L.; Châtelain, A.; de Heer, W. A. Magnetism of Fe, Co and Ni Clusters in Molecular 
Beams. J. Magn. Magn. Mater. 1997, 168 (1–2), 64. https://doi.org/10.1016/S0304-8853(96)00694-4 

(52) Asset, T.; Gommes, C. J.; Drnec, J.; Bordet, P.; Chattot, R.; Martens, I.; Nelayah, J.; Job, N.; Maillard, 
F.; Dubau, L. Disentangling the Degradation Pathways of Highly Defective PtNi/C Nanostructures - 
An Operando Wide and Small Angle X-Ray Scattering Study. ACS Catal. 2019, 9 (1), 160. 
https://doi.org/10.1021/acscatal.8b02665 

(53) Yan, K.; Wu, G.; Lafleur, T.; Jarvis, C. Production, Properties and Catalytic Hydrogenation of 
Furfural to Fuel Additives and Value-Added Chemicals. Renew. Sustain. Energy Rev. 2014, 38, 663. 
https://doi.org/10.1016/j.rser.2014.07.003 

(54) Aly, A. A.; Ramadan, M.; Abuo-Rahma, G. E.-D. A.; Elshaier, Y. A. M. M.; Elbastawesy, M. A. I.; 
Brown, A. B.; Bräse, S. Quinolones as Prospective Drugs: Their Syntheses and Biological 
Applications. In Advances in Heterocyclic Chemistry; Elsevier, 2021, 135, 147. 
https://doi.org/10.1016/bs.aihch.2020.08.001 

(55) Lewinska, G.; Sanetra, J.; Marszalek, K. W. Application of Quinoline Derivatives in Third-
Generation Photovoltaics. J. Mater. Sci. Mater. Electron. 2021, 32 (14), 18451. 
https://doi.org/10.1007/s10854-021-06225-6 

(56) Ali, W.; Prakash, G.; Maiti, D. Recent Development in Transition Metal-Catalysed C–H Olefination. 
Chem. Sci. 2021, 12 (8), 2735. https://doi.org/10.1039/D0SC05555G 

(57) Koch, W.; Holthausen, M. C. A Chemist’s Guide to Density Functional Theory, 1st ed.; Wiley, 2001. 
https://doi.org/10.1002/3527600043 

(58) Görling, A. Density-Functional Theory beyond the Hohenberg-Kohn Theorem. Phys. Rev. A 1999, 59 
(5), 3359. https://doi.org/10.1103/PhysRevA.59.3359 

(59) Cao, X.; Dolg, M. Pseudopotential Study of Lanthanum and Lutetium Dimers. Theor. Chem. Acc. 
Theory Comput. Model. Theor. Chim. Acta 2002, 108 (3), 143. https://doi.org/10.1007/s00214-002-0372-
8 

(60) Fritsche, L.; Koller, J.; Reinert, Th. Borderline Cases in Density Functional Theory. Int. J. Quantum 
Chem. 2004, 100 (4), 681. https://doi.org/10.1002/qua.20113 

(61) Rao, P. V. R.; Srishailam, K.; Reddy, B. V.; Rao, G. R. Theoretical (DFT) and Experimental (FT-IR 
& FT Raman) Approach to Investigate the Molecular Geometry and Vibrational Properties of 2,5- 
and 2,6-Dihydroxytoluenes. J. Mol. Struct. 2021, 1240, 130617. 
https://doi.org/10.1016/j.molstruc.2021.130617 

(62) Bhandari, S.; Rangarajan, S.; Maravelias, C. T.; Dumesic, J. A.; Mavrikakis, M. Reaction Mechanism 
of Vapor-Phase Formic Acid Decomposition over Platinum Catalysts: DFT, Reaction Kinetics 
Experiments, and Microkinetic Modeling. ACS Catal. 2020, 10 (7), 4112. 
https://doi.org/10.1021/acscatal.9b05424 



285 
 

(63) Eftimie, E.-L. A.; Roman, R.; Nicolov, M.; Ledeti, I.; Szabadai, Z.; Avram, N. M. DFT Calculation of 
Vibrational Frequencies for Betulinic Acid Methanol Monosolvate; Heidelberg, Germany, 2017, 
1796, 030012. https://doi.org/10.1063/1.4972377 

(64) Radula-Janik, K.; Kupka, T.; Ejsmont, K.; Daszkiewicz, Z.; Sauer, S. P. A. DFT and Experimental 
Studies on Structure and Spectroscopic Parameters of 3,6-Diiodo-9-Ethyl-9H-Carbazole. Struct. 
Chem. 2016, 27 (1), 199. https://doi.org/10.1007/s11224-015-0711-8 

(65) Makkar, P.; Ghosh, N. N. A Review on the Use of DFT for the Prediction of the Properties of 
Nanomaterials. RSC Adv. 2021, 11 (45), 27897. https://doi.org/10.1039/D1RA04876G 

(66) Hafner, J. Ab-Initio Simulations of Materials Using VASP: Density-Functional Theory and Beyond. J. 
Comput. Chem. 2008, 29 (13), 2044. https://doi.org/10.1002/jcc.21057 

(67) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. 
Lett. 1996, 77 (18), 3865. https://doi.org/10.1103/PhysRevLett.77.3865 

(68) Kresse, G.; Joubert, D. From Ultrasoft Pseudopotentials to the Projector Augmented-Wave Method. 
Phys. Rev. B 1999, 59 (3), 1758. https://doi.org/10.1103/PhysRevB.59.1758 

(69) Cusinato, L.; Martínez-Prieto, L. M.; Chaudret, B.; del Rosal, I.; Poteau, R. Theoretical 
Characterization of the Surface Composition of Ruthenium Nanoparticles in Equilibrium with 
Syngas. Nanoscale 2016, 8 (21), 10974. https://doi.org/10.1039/C6NR01191H 

(70) Martínez-Prieto, L. M.; Cano, I.; Márquez, A.; Baquero, E. A.; Tricard, S.; Cusinato, L.; del Rosal, I.; 
Poteau, R.; Coppel, Y.; Philippot, K.; Chaudret, B.; Cámpora, J.; van Leeuwen, P. W. N. M. 
Zwitterionic Amidinates as Effective Ligands for Platinum Nanoparticle Hydrogenation Catalysts. 
Chem. Sci. 2017, 8 (4), 2931. https://doi.org/10.1039/C6SC05551F 

(71) González-Gómez, R.; Cusinato, L.; Bijani, C.; Coppel, Y.; Lecante, P.; Amiens, C.; del Rosal, I.; 
Philippot, K.; Poteau, R. Carboxylic Acid-Capped Ruthenium Nanoparticles: Experimental and 
Theoretical Case Study with Ethanoic Acid. Nanoscale 2019, 11 (19), 9392. 
https://doi.org/10.1039/C9NR00391F 

(72) García-Antón, J.; Axet, M. R.; Jansat, S.; Philippot, K.; Chaudret, B.; Pery, T.; Buntkowsky, G.; 
Limbach, H.-H. Reactions of Olefins with Ruthenium Hydride Nanoparticles: NMR 
Characterization, Hydride Titration, and Room-Temperature C-C Bond Activation. Angew. Chem. Int. 
Ed. 2008, 47 (11), 2074. https://doi.org/10.1002/anie.200704763 

(73) Knickelbein, M. B. Electric Dipole Polarizabilities of Ni12–58. J. Chem. Phys. 2001, 115 (13), 5957. 
https://doi.org/10.1063/1.1398578 

(74) Parks, E. K.; Nieman, G. C.; Kerns, K. P.; Riley, S. J. Reactions of Ni38 with N2, H2, and CO: Cluster 
Structure and Adsorbate Binding Sites. J. Chem. Phys. 1997, 107 (6), 1861. 
https://doi.org/10.1063/1.474536 

(75) Masuda, S.; Mori, K.; Sano, T.; Miyawaki, K.; Chiang, W.-H.; Yamashita, H. Simple Route for the 
Synthesis of Highly Active Bimetallic Nanoparticle Catalysts with Immiscible Ru and Ni 
Combination by Utilizing a TiO2 Support. ChemCatChem 2018, 10 (16), 3526. 
https://doi.org/10.1002/cctc.201800329 

(76) Chen, S.; Wojcieszak, R.; Dumeignil, F.; Marceau, E.; Royer, S. How Catalysts and Experimental 
Conditions Determine the Selective Hydroconversion of Furfural and 5-Hydroxymethylfurfural. 
Chem. Rev. 2018, 118 (22), 11023. https://doi.org/10.1021/acs.chemrev.8b00134 

(77) Pirali, T.; Serafini, M.; Cargnin, S.; Genazzani, A. A. Applications of Deuterium in Medicinal 
Chemistry. J. Med. Chem. 2019, 62 (11), 5276. https://doi.org/10.1021/acs.jmedchem.8b01808 

(78) Mullard, A. FDA Approves First Deuterated Drug. Nat. Rev. Drug Discov. 2017, 16 (5), 305. 
https://doi.org/10.1038/nrd.2017.89 

(79) Prakash, G.; Paul, N.; Oliver, G. A.; Werz, D. B.; Maiti, D. C–H Deuteration of Organic Compounds 
and Potential Drug Candidates. Chem. Soc. Rev. 2022, 51 (8), 3123. 
https://doi.org/10.1039/D0CS01496F 

(80) Gruhn, R. Evidence Grows for Early Peopling of the Americas began more than 20,000 years ago. 
Nature. 2020, 584 (7819), 47. https://doi.org/10.1038/d41586-020-02137-3 

(81) Dong, J.; Wang, X.; Wang, Z.; Song, H.; Liu, Y.; Wang, Q. Formyl-Selective Deuteration of 
Aldehydes with D2O via Synergistic Organic and Photoredox Catalysis. Chem. Sci. 2020, 11 (4), 1026. 
https://doi.org/10.1039/C9SC05132E 

(82) MacDonald, D.; Lu, P. Determination of DNA Structure in Solution: Enzymatic Deuteration of the 
Ribose 2' Carbon. J. Am. Chem. Soc. 2002, 124 (33), 9722. https://doi.org/10.1021/ja026678r 



286 
 

(83) Földesi, A.; Trifonova, A.; Dinya, Z.; Chattopadhyaya, J. Total Synthesis of 2',3',4',5',5''-2H5-
Ribonucleosides: The Key Building Blocks for NMR Structure Elucidation of Large RNA. J. Org. 
Chem. 2001, 66 (20), 6560. https://doi.org/10.1021/jo010097n 

(84) Sawama, Y.; Monguchi, Y.; Sajiki, H. AEcfcofuinctient H–D Exchange Reactions Using 
Heterogeneous Platinum-Group Metal on Carbon–H2–D2O System. N. Y. 2012, 23 (7), 959. 
https://doi.org/10.1055/s-0031-1289696 

 


