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-: bis(trifluoromethanesulphonyl)imide anion 
 
Co(COD)(COE): ( 4-1,5-cyclooctadiene)( 3-cyclooctadienyl) Cobalt (I) 
[Fe[mes]2]2: Tetramesityldiiron,  
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Abstract: Development of a process for the synthesis of magnetic metal nanoparticles in 
ionic liquids 

Metallic nanoparticles (NPs) exhibit unique physical and chemical properties. However, 
their use is conditioned by the ability to control their size and structure. The decomposition of 
organometallic (OM) precursors under H2 is efficient to generate metallic NPs in organic 
solvents, but also in ionic liquids (ILs). We have shown that in the latter media, the size can 
be finely tuned without adding stabilizing agents. Moreover, the resulting “naked” metallic 
NPs are suitable for catalysis or further reaction with a second OM precursor to form 
bimetallic NPs. 
In this work, we applied this knowledge to the synthesis of mono- and bimetallic NPs in 
imidazolium-based ILs C1CnImNTf2. Co-NPs with a diameter of ca. 4 nm were successfully 
synthesized by decomposition of [Co(η3-C8H13)(η4-C8H12)] under H2. Structural analysis and 
magnetic characterizations demonstrated that these NPs are metallic and, as expected for this 
size, superparamagnetic. This approach was extended to the synthesis of bimetallic CoPt and 
CoRu-NPs. It turned out that the best strategy is probably to simultaneously decompose the 
Co and Pt (or Ru) precursors. This reaction provides monodisperse suspensions of NPs, a 
good indication that they are bimetallic. Further structural characterizations, in particular 
using anomalous SAXS, are also considered to elucidate their structure. 
 
Résumé: Mise au point d’un procédé de synthèse de nanoparticules métalliques 
magnétiques utilisant des liquides ioniques 

Les nanoparticules (NPs) métalliques possèdent des propriétés physiques inhabituelles et 
suscitent un grand intérêt pour divers domaines d’application. En particulier, les NPs de 
métaux magnétiques offrent de nombreux avantages dans une grande variété d’applications 
technologiques, médicales et en catalyse. Généralement, ces applications nécessitent de 
fabriquer des NPs de taille et de composition contrôlées. Cette thèse vise à démontrer que de 
telles NPs peuvent être obtenues par décomposition de précurseurs organométalliques (OM) 
dans des solvants d’un genre particulier, les liquides ioniques (LIs). Ce sont des sels 
possédant un très bas point de fusion (inférieur à 100°C) et qui possèdent des propriétés 
uniques, dont celle de stabiliser des nano-objets. Pour y parvenir, des précurseurs OM des 
métaux d’intérêt (Co et Fe) ont été identifiés. Des Co-NPs ont pu être synthétisées de manière 
contrôlée : Elles possèdent une structure cristalline ε-Co et les propriétés 
superparamagnétiques attendues pour le Co(0). Dans le cas du Fe, une oxydation partielle des 
NPs n’a pu être évitée. La seconde partie du travail s’est donc concentrée sur l’obtention de 
NPs bimétalliques CoM, avec M=Ru ou Pt. Dans le cas de Ru, toutes les synthèses ont 
conduit à des NPs bimétalliques, tandis que seule une décomposition simultanée des deux 
précurseurs de Co et Pt a permis de former des CoPt-NPs. Ces NPs pourraient permettre de 
fabriquer des dispositifs de stockage de données plus performants ou des catalyseurs moins 
onéreux. 
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Mono-dispersed metallic nanoparticles (NPs) represent a very interesting area of research 

owing to their unusual magnetic, electrical, optical and thermal properties which originate 

from quantum effects associated with very high surface to volume ratio. For this reason, 

metallic NPs are of great interest for various fields of application. Generally, these 

applications require small (less than 10 nm) NPs with precise control of their size, 

composition and morphology in significant quantities.1  

In particular, magnetic metal NPs offer many advantages in a variety of applications 

(Scheme 1).2  

 

Scheme 1 : Different applications of magnetic NPs. 

Magnetic NPs can be used in different technological applications such as data storage,3 

spintronics4 or magnetic fluids (ferrofluids).5 They can also be used in the medical field, 

particularly in diagnostic tools. For example, some magnetic NPs are very good contrasting 

agents for magnetic resonance imaging of cancer cells.6 They can also treat certain forms of 

cancer by localized thermal destruction of the tumor as a result of excitation by an alternative 

magnetic field of appropriate frequency and amplitude.7 Another possibility is to be used as a 

carrier for targeted drug delivery to the tumor.8  

Moreover, some magnetic NPs such as Co-NPs are very promising in the field of 

catalysis.9 For example, they can be used in the Fischer-Tropsch process to convert CO and 
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H2 into liquid hydrocarbons.10 In this particular example, Co-NPs showed increased 

selectivity compared to competing conventional catalysts. Another less direct use of magnetic 

NPs in catalysis is to use them as a chemically inert magnetic support for the catalyst itself. 

They then facilitate the recycling of the latter, since they make it possible to extract it easily 

from the reaction medium by application of an external magnetic field. For example, a Mn(III) 

complex supported on Co-NPs was successfully used to oxidize alcohols and sulfides, then to 

be recycled with a very good yield. 11  

For most of these applications, better performances are obtained when the magnetic metal 

(Co for example) is alloyed with a second metal. Indeed, this association with other metals 

such as Pt or Ru modifies the physical properties of the initial NPs in a positive way. For 

example, the ordered intermetallic compound CoPt is an excellent candidate for future high-

density magnetic data storage devices. Indeed, this compound shows good chemical stability, 

high magnetocrystalline anisotropy and high coercivity, which gives it exceptionally “hard” 

magnetic properties.12, 13 Other bimetallic CoPt NPs represent excellent fuel cell catalysts.14, 

15, 16, 17, 18 Similarly, Co-Ru NPs find applications as a catalyst for many reactions such as the 

Fischer-Tropsch CO hydrogenation reaction,19 nitroarene reduction reactions 20 and as an 

electrocatalyst for oxygen reduction in fuel cells.21 For all these examples, mixing Ru with Co 

significantly improved the catalyst performance. 

In most of these applications, monodispersed NPs are needed with sizes ranging from a 

few to a few tens of nanometers. Chemical processes in solution are well suited to synthesize 

such metallic NPs from organometallic (OM) precursors or salt precursors.22, 23 However, they 

usually require stabilizing agents such as ligands or polymers to control the size and prevent 

the aggregation of the NPs. In many applications, this surface contamination of the NPs is not 

desired. 

In recent years, it has been demonstrated that this route of synthesis can be applied in 

some innovative solvents such as ionic liquids (ILs). In this case, monodisperse and stable 

NPs can be directly obtained, without adding a stabilizer.24 ILs are salts that have a very low 

melting point (typically below 100°C) with very unique properties. They are nonvolatile, 

chemically and thermally stable and possess a high electrical conductivity.25 Importantly, they 

can act as a self-stabilizing media for the synthesis of naked metallic NPs with enhanced size 

and structure control. 
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This synthetic route was developed in our Laboratory over the past years for the 1-butyl-

3-alkyl-imidazolium bis(trifluoromethanesulphonyl)imide (C1CnImNTf2) ILs family,  Scheme 

2.26 It has yielded many metal NPs such as Cu, Ru, Pt, Mn, Ni, and even Ta. It has also 

demonstrated that bimetallic NPs with controlled structures could be accessible.27  

 

Scheme 2: Structural formula of 1-butyl-3-alkyl-imidazolium bis(trifluoromethanesulphonyl)imide 
(C1CnImNTf2) ILs. 

The objective of this thesis is therefore to obtain, by this simple and relatively 

inexpensive method, mono- and bimetallic magnetic, Co and Fe based, NPs and to define 

their structural and magnetic properties.  

The first chapter of this thesis deals with the synthesis, the structural and magnetic 

properties of Co-NPs suspensions in ILs. It includes also an all-liquid approach for the 

synthesis of Co-NPs in which the potentially dangerous H2 gas is replaced by a liquid 

reductant. The last part of the chapter is related to several attempts to achieve the synthesis of 

Fe(0)-NPs in ILs through the decomposition of different Fe-OM precursors. 

In the second chapter, Co-based bimetallic systems are targeted. Firstly, the presence of 

hydrides onto the surface of Co-NPs was investigated. Then, their role in controlling and 

facilitating the formation of the bimetallic NPs was studied. Based on this, the synthesis of 

different bimetallic systems, CoRu-NPs and CoPt-NPs, through different approaches (1 step, 

2 steps synthetic approaches) was performed. Additionally, their structure was tentatively 

resolved by ASAXS synchrotron measurements. 

Finally, all the experimental procedures are detailed in the last (3rd) chapter of the thesis. 
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Chapter I-A.                                   
 
 
 
 
 
 
 
 

State of the art: 
 

 Chemical synthesis and structural properties  
of Cobalt Nanoparticles (Co-NPs)  

in different solvents  
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I-A. I. Basic properties and applications of Co-NPs 

Mono-dispersed metallic nanoparticles (NPs) represent a very interesting area of research 

owing to their special magnetic, electrical, optical and thermal properties which originate 

from the quantum effects as well as the very high surface to volume ratio of such small 

particles.28 Metallic nanoparticles (NPs), in particular, have attracted much interest in a range 

of applications, which require small size NPs (below 10 nm) with precise control of size, 

composition and morphology in chemically significant quantities.28, 29, 30 Cobalt nanoparticles 

(Co-NPs) represent one of the most interesting metallic nanoparticles due to their unique 

magnetic, catalytic and optical properties (Table 1).31  

Table 1 : Main properties of metallic Cobalt 

Atomic radius, non-bonded (Å) 2.00 
Covalent radius (Å) 1.18 

Boiling point 2927°C 
Curie temperature  1115 °C  
Density (g cm−3) 8.86 

Melting point 1495°C 
Electron affinity (kJ mol−1) 63.873 

Electronegativity (Pauling scale) 1.88 
1st Ionisation energy (kJ mol−1)  760.402 

Common oxidation states 3, 2, 0, -1 
Isotopes 59Co 

Specific heat capacity (J kg−1 K−1) 421 
Electrical resistivity  6 × 10-8 Ω m 
Magnetic moment 1.6–1.7  μB/atom 
Crystal structure hcp, fcc, ɛ-Co 

Surface energy (bulk) 2.55 J.m-2 

 

As catalysts, colloidal Co-NPs systems show a great potential because of the high ratio of 

atoms remaining at the surface, which are therefore available for acting in the chemical 

transformation of the substrates. For example, they may be used in the Fischer–Tropsch 

process to convert CO and H2 into liquid hydrocarbons. Co-NPs showed enhanced selectivity 

compared to their conventional competitors.10 

 



10 

 

Another indirect use of Co-NPs in catalysis is as a magnetic support for the actual 

catalyst without interfering in the catalyzed reaction itself. In such a way, they facilitate the 

recovery of the catalyst from the reaction medium upon using an external magnetic field to 

collect the NPs. An example is the Schiff base of Mn(III) complex supported on magnetic Co-

NPs that has proven a highly efficient retrievable heterogeneous catalyst in oxidation of 

alcohols and sulfides compounds.11  

Co-NPs are also used in the medical field for the diagnosis and treatment of cancer.6, 7,8, 

32, 33  

Due to their unique magnetic properties, Co-NPs are useful for data storage,2 and  

magnetic fluids.34 Indeed, some ferro-fluids are based on cobalt. They are liquids that 

become strongly magnetized in the presence of a magnetic field. They are composed of 

colloidal suspensions of very fine (  10 nm) magnetic nanoparticles and they can find 

applications in dynamic sealing devices, heat dissipation, dampers and many other 

technological applications.35 

I-A. II. Synthesis of Co-NPs: physical versus chemical methods 

As reported for other metals, the metallic Co-NPs are generated through either physical 

or chemical methods. Physical methods include sputtering deposition, laser evaporation and 

then condensation in a gas flow, in a liquid or on a solid surface.36 For example, Co-NPs with 

sizes ranging from 28 to 70 nm are successfully prepared by direct current arc plasma 

evaporation.37 The NP size is increasing with the intensity of the current, the filling pressure, 

and the pressure ratio of hydrogen to argon ( / ). Co-NPs were characterized by 

transmission electron microscopy (TEM), X-ray diffraction (XRD), X-ray fluorescence 

analysis (XRF) and selected area electron diffraction (SAED). They were spherical in shape 

with cubic crystal structure and presented a purity of 99.9% wt. However, the limitation of 

such techniques is the lack of size control for particles smaller than 100 nm.38 

By contrast, the chemical routes, based on the reduction or decomposition of a suitable 

precursor of the desired metal, usually provide better size control for nanoparticles smaller 

than 10 nm. Several methods could be applied to decompose metal precursors like thermal 

decomposition, reduction (H2 gas, hydrazine, …) ultrasonic activation, photolysis and 

hydrolysis reactions.39 Several chemical processes for the synthesis of Co-NPs will be 

discussed in the following sections. 
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I-A. III. Synthesis of Cobalt NPs in solution 

Solution based methods represent an important category of the chemical methods of 

synthesis of NPs. In such approach, a suitable metal precursor is dissolved in a suitable 

solvent and then decomposed through a chemical reaction to produce first small nuclei of the 

metal (nucleation step) that grow up in a controlled way to result in metal NPs of controlled 

structure (growth step), Scheme 3.  

 

Scheme 3 : Controlled precipitation reaction for the synthesis of metal NPs 

 To achieve small mono-dispersed NPs, it is important to have a very fast nucleation step 

that is followed by slow growth step. In addition, ligands or stabilizers must be used. Such 

compounds attach to the surface of the NPs to stabilize them and to prevent them from 

growing up to the bulk state.  

One example for the synthesis of Co-NPs is the reduction of aqueous solutions of metal 

salts like CoSO4 40 and CoCl2 41, 42. Indeed, the standard reduction potential of Co2+/Co0, -0.28 

V (vs SHE), is much higher than that of water, -0.83 V, making it possible to reduce these 

salts in aqueous media. In addition, they are easy to handle, stable and commercially available 

at low cost. However, their anions could be strongly linked to the NP surface affording an 

oxidized Co shell.40, 41, 42 An important limitation for the aqueous media based preparations is 

thus the oxidation of NPs surface after synthesis. 

 Another procedure developed by C. Petit, et al,43, 44 is based on using pure Cobalt(II) 2,3-

bis(2-ethylhexyl)-2-sulfosuccinate reverse micelles and reducing it using NaBH4 followed by 

the addition of lauric acid to the micellar solution and extracting the Co-NPs from the reverse 

micelles by ethanol. This method was very convenient and afforded Co-NPs around 8 nm 

with very good size distribution. Monolayer self-assembly of hcp cobalt nanocrystals was 

even achieved upon annealing the obtained Co-NPs.45    

 

Metal 
Precursor

Chemical reaction

Solvent

Controlled growth
Metal 
NPs
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I-A. IV. Synthesis of Cobalt NPs from organometallic precursors in 
organic solvent 

Due to the drawbacks in the aqueous solutions based methods, the need for new 

precursors soluble in non-aqueous solvents has emerged. In organic liquid phase, the 

synthesis of small Co NPs has been reported by chemical or thermal decomposition of Co 

organometallic precursors,46, 47, 48, 49, 50, 51, 52 or Co carbonyl compounds.31, 53, 54, 55 In all cases, 

the small nanoparticles were only kinetically stable and their agglomeration into the more 

thermodynamically stable bulk form must be prevented by the addition of an organic 

surfactant or polymer.47, 49, 50, 52 As a result, the size and size distribution of NPs depended on 

the nature and the relative concentrations of the organic additives and the metallic precursor.56  

Different Co precursors are commercially available. They can be classified following the 

Co valence. Among precursors containing Co(0), Co2(CO)8 is widely used to generate Co-NPs 

under thermal decomposition, using sonication or microwave irradiation methods.39, 57 The 

main disadvantage of such carbonyl compounds is the possibility to leave some CO groups 

coordinated to the NP surface with risk of a dissociative adsorption leading to oxide species 

and carbon residue on the surface.58 

Co(II) precursors are difficult to reduce and additives were always required to assist their 

reduction.59 The bis(cylopentadienyl) cobalt(II) in the presence of di-isobutyl aluminum 

hydride was spontaneously reduced but Co-Al bond were detected in the EXAFS spectrum.59 

The bis(cylopentadienyl) cobalt(II) was reduced under H2 above 150 °C, only in the presence 

of a platinum precursor to form bimetallic CoPt3 -NPs.60 

Another Co(II) precursor, Co[N(SiMe3)2]2, can be reduced under H2 at 150°C to give Co-

NPs.61 However parasitic reactions involving the silylamide ligand could occur. 

Consequently, a variation of Co-NPs size from 4.6 nm to 13.7 nm or even to very large 

multipods was observed by changing the rate of ligand addition to Co[N(SiMe3)2]2 solution 

(from slow to fast addition rates respectively), even if this step took place before applying H2 

and before starting the decomposition reaction itself.61  

The Co(I) olefinic organometallic complex ( 4-1,5-cyclooctadiene)( 3-cyclooctadienyl) 

Cobalt (I), Co(COD)(COE) was reduced by different reductants. In the presence of di-isobutyl 

aluminum hydride, Co-NPs with a size of 2.5±0.4 nm and a ε-Co structure were obtained.59 

Despite XANES measurements indicated that the NPs were not oxidized, EXAFS showed 

bonding to light elements, probably Al.59 By contrast, when H2 was used as a reducing agent 
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in mild conditions (20-150°C, 0.4 MPa H2), in the presence of different stabilizers, the same 

precursor afforded monodispersed metallic Co-NPs, with simultaneous formation of volatile 

hydrocarbons, mainly cyclooctane.46, 47, 48, 49, 50, 51, 52 Subsequently, we focus our study on the 

use of Co(COD)(COE).  

I-A. V. Synthesis and characterization of Co-NPs from Co(COD)(COE) 
in organic solvents 

i. Preparation and Characterization of Co(COD)(COE) 

Co(COD)(COE)  was formed through the reduction of CoCl2 by sodium in the presence 
of pyridine and 1,5-cyclooctadiene.62, 63 Obtained as black crystals, it exhibits a planar 
configuration, 64  

 

 

It is quite soluble in aromatics such as benzene or toluene as well in pentane or THF. It is 

air sensitive, stable at RT for short periods but stable for months under N2 at – 35 oC. Upon 

warming at about 2 oC/min, the crystals collapse at 60-65oC, but the material does not become 

fluid even at 100 oC. This compound decomposes under vacuum (no H2) at 150-200 oC, and 

cyclooctene is found to be the main decomposition product together with some traces of 

cyclooctane.62 

The characteristic data of Co(COD)(COE), 1H NMR, 13C NMR, and 59Co NMR, 

published in the literature are shown in Figure 1 and Table 2.63, 65  
 

 

 

 Table 2 : 94.5 MHz 59Co NMR shifts and line widths of [Co(η3-C8H13)(η4-C8H12)]  63, 65 

 

 

 

Py Py
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Figure 1 : NMR spectra and crystallographic structure of Co(COD)(COE). 63, 65 

The reduction of Co(COD)(COE) by H2 was performed in THF in the presence of 

polyvinylpyrrolidone (PVP) as a stabilizer.49 The size and structure of the resulting Co-NPs 

depended on the experimental conditions.  

The Co-NP size increased i) from ≤ 1 to 1.6 nm upon increasing the temperature from 

0oC to 60oC (Table 3, run 4-6) and, ii) with PVP concentration, (Table 2, run 8, 9).52 Similar 

results were also reported in other media like an anisole/oleic acid solution and at higher 

temperature (150oC, Table 3, run 1).48 Moreover, changing the reaction time from 3 h to 48 h 

lead to the formation of Co nanorods (9 x 40 nm) instead of spherical NPs (3 nm) in the 

former case, (Table 3, run 2, 3).46 The nature of the ligand was found to affect the NP size and 

shape.47 Co nano-disks were obtained in the presence of a mixture of hexadecylamine and 

rhodamine B as ligands, while nano-rods and nano-wires were formed with long chain 

carboxylic acids as ligands (Table 3, run 2, 3). 66 For the Co-NP structure, in THF/PVP, 

(Table 3, run 4-6), Co-NPs (1-1.5 nm) presented a fcc-like structure,49 while in THF/PPO 

(Table 3, run 11), the Co-NPs (5 nm) showed a hcp structure.47 Surprisingly, a cubic phase 

was observed for Co-NPs (1.5-2 nm) generated in THF/ PVP medium (Table 3, run 8, 9).52 
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This cubic structure was first identified to be a bcc one. But finally, WAXS studies showed 

that a model including 30% of bcc particles and 70% of hcp ones yielded the best fit with the 

experimental results. More precisely, the Co-NPs showed a core-shell structure with a bcc 

structure closest to the center and a more relaxed organization of hcp structure at the 

surface.52 Later on, this cubic structure of Co-NPs was interpreted by the same group as a 

metastable allotrope called ε-Co.59 

Table 3 : Size and shape of Co-NPs prepared through the H2 decomposition of Co (η3-C8H13) (η4-C8H12) in 
different experimental conditions. 

Run P 
(MPa) 

t 
(oC) C medium duration 

Magnetic moment 
emu.g-1 size / shape 

JCPDS 
reference ref 

1 
0.4 150  

anisole/oleic 
acid  

163  2.5(+/- 0.3) hcp (04-007-
2107) 

48, 51 

2 

0.4 150 
 anisole/different 

ligands 

3 h 162  3 nm 
hcp (04-007-

2107) 
46

 

3 

 48 h  
9 x 40 

 nanorods 

hcp (04-007-
2107) 

4 

0.4 

0 
10% wt 
(to PVP) THF / PVP 10 h  184  

1 
fcc (no 

reference) 
49

 5 20 1.5 

6 60 1.5 

7 
0.4 R.T  

THF/PVP/Pt 
precursor 15 h 

1.35 – 1.95 ( in 
μB/Co, Increase with 

Pt ratio) 

1.5 Co/Pt 

 nanoalloys 

 50
 

8 

 60 10% wt 
(to PVP) THF / PVP 10 h 184 

 
1.5 

Fits to 
theoretical 

model 
consisting of 
30% bcc + 
70% hcp 

52
 

9 
  

20% wt 
(to PVP)   

173 
 

2  

47, 67 
10 

 65 11% wt 
(to PVP) THF / PVP  

Not reported for the 
metallic NPs, dropped 
by a factor of 4 upon 

oxidation of NPs 

1.6 
Non-compact 

crystal 
structure 

11 
   

THF / PPO 
 5 hcp (04-007-

2107) 

 

In conclusion, Co-NPs can be generated in organic solvents from the reduction under H2 

of Co(COD)(COE) under mild conditions. Their size depends on the experimental conditions, 

mainly on the nature and quantity of the stabilizing additive. Indeed, the presence of a 

stabilizer is crucial. On the other hand, its interaction with the Co-NPs may reduce the 
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magnetic properties of the latter. To overcome this drawback, the use of ionic liquids (ILs) as 

solvent was proposed. Ionic liquids are salts that are liquid at (or near to) room temperature. 

They are virtually non-volatile, non-flammable and thermally stable solvents that possess high 

electrical conductivity.68 Importantly, ILs have been shown to be smart media to generate 

mono-disperse metallic NPs with controlled size below 5 nm through a variety of processes 

(either chemical or physical) in the strict absence of stabilizing agents.24, 57, 69, 70 

I-A. VI. Synthesis of Co-NPs from organometallic precursors in ionic 
liquids  

Co-NPs have been successfully prepared in ILs using either physical or chemical means 

by PVD,71 by electrochemical reduction,72, 73 or through thermal decomposition (by 

microwave or photolytic means). 66, 67, 68, 69, 70 Whatever the experimental conditions, Co-NPs 

prepared by thermal decomposition of Co2(CO)8 were metallic, as shown by XRD analysis 

under inert atmosphere. 

Size and shape of CoNPs prepared from Co2(CO)8 in several ILs depend on the 

experimental conditions (Table 4). In most cases, the NP size was increasing with the 

precursor concentration, (Table 4, run 1-5).  

The IL nature was found to impact the resulting NP size. Its physico-chemical properties 

(density, viscosity, conductivity and surface tension) influenced the nanoparticle nucleation 

and growth kinetics. 74, 75, 76, 77, 78 The nature of both the anion and the cation, related to their 

molecular volume, determine the high degrees of self-organization at the nanomolecular scale 

of IL through their hydrogen-bond network. This structural organization of ILs can act as an 

“entropic driver” for the spontaneous ordering of metallic NPs.79, 80, 81 

In imidazolium based ionic liquids, the Co-NP size was equal to 10.8 nm, 7.2 nm and 

4.1 nm when the anion was bis[(trifluoromethyl)sulfonyl]imide (NTf2), hexafluorophosphate 

(PF6), and  tetrafluoroborate (BF4), respectively, (Table 4, run 3-5). Such effect of the nature 

of the anion on the NP size has previously been reported in the literature.82, 83 For example, 

the size of chromium, molybdenum and tungsten NPs generated through the thermal 

decomposition of  their corresponding metal carbonyl precursors was found to increase with 

the molecular volume of the anion (i.e. W-NP size is 1.5 nm in C1C4ImBF4 and 33 nm in 

C1C4ImNTf2).82 Similarly, the size of Ag-NPs prepared through the H2 decomposition of Ag(1) 
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precursors in different C1C4Im based ILs was reported to increase linearly with the molar 

volume of the IL anion (2.8, 4.4, 8.7 and 26.1 nm for BF4
-, PF6

-, OTf- and NTf2
- anions 

respectively) (Figure 2).83 

 

Figure 2 : Correlation between the observed AgNP size (from TEM) and the molecular volume IL anion (VIL 
anion). 83 

According to Redel et al.,83 M-NPs (core) would be stabilized in IL in a “core-shell 

system” by the formation of protective anionic and cationic layers (shells) around them. The 

thickness of these stabilizing shells around an Ag-NP was assumed to depend on the ions’ 

molecular volumes. According to the DLVO theory,84 the first inner shell must be anionic. 

For this reason, the IL anion was expected to have the highest influence on the size and 

electrostatic stabilization of the Ag-NP.  

Nevertheless, the molar volume of the cation impacted the Co-NP size in the same way 

i.e. for the same anion (NTf2) the Co-NP- size was reported to be 5.8 with 

methyltrioctylammonium cation [N1,8,8,8]+(molar volume = 0.634 nm3) ,85 and 3.6 nm with 

pyrrolidinium [Py1,4]+ cation (molar volume = 0.213 nm3),85 (Table 4, run 1, 2).79 

Another possible effect of the cation was related to the self-organization of the IL at the 

nano-scale. This was first discussed by Gutel et al., for the synthesis of Ru-NPs from the 

decomposition of ( 4-cyclo-octadiene)( 6-cyclo-octatriene)ruthenium(0), Ru(COD)(COT), in 

various IL: [RC1Im][NTf2] (R = CnH2n + 1 with n = 2; 4; 6; 8; 10). 79 For the ILs with n = 4; 6; 

8, a linear correlation between the size of Ru-NPs generated in situ and the length of the alkyl 

chain was established.  
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It should be noted that this explanation was applicable at lower temperatures (0-25°C) 

where the IL is still retaining its internal structuring. It would not necessarily be the case at 

higher temperatures at which, such 3D organization is expected to have a weaker influence. 

 Table 4 : Size and shape of Co-NPs prepared from Co2(CO)8 in several ILs under different experimental 
conditions.  

run t ( 
o
C) 

C 
mol.L-1 medium duration 

Magnetic 
moment 
emu.g-1 

Size (nm) JCPDS 
reference ref 

1 

100°C for 

30 min 

then heated 

to 200°C 

0,0625  
0.6 
1.2 
3  

C1C8AmNTf2 

ramped to 

100oC, let for 

30 min then 

ramp to 

200oC, let for 

30 min 

82 
144 
--- 

133 

5.8 ±0.9  
9.4 ±1.1 
9.8 ±2.2  

16.1 ±3.3 

fcc (00-015-

0806) 

53
 

2 
0,0625  

0.6 
1.2 

C1C4PyrrNTf2 
--- 
--- 
--- 

3.6 ±0.7 
17.1 ±3.8 
20.8 ±5.8 

 

3 
0,0625  

0.6 
C1C4ImPF6 --- 

--- 
7.2 ±1.2 
6.2 ±1.0 

 

4 

0,0625  C1C4ImNTf2 --- 10.8 ±3.2 

 

5 

0,0625  C1C4ImBF4 --- 4.1 ±2.1 

 

6 

150 0.1 M 

C1C4ImNTf2 

C1C1ImBF4 

C1C14ImNTf2 

20–40 min --- 
7.7 ± 1.2 

4.5 ± 0.6 
--- 54

 

   

7 

150 
 

C1C1ImNTf2 1 h --- 

bimodal size 

     (79 ± 17) 

and 

 (11 ±  3)  

ɛ-Co (04-017-
5578) 

31
 

8 Microwave 

irradiation  
C1C4ImBF4 3 min  5.1 ± 0.9 --- 55

 

I-A. VII. Crystal structures of metallic Co-NPs  

In organic solvents Co-NPs usually possess the stable hcp compact crystal structure 

(JCPDS ref. 04-007-2107) (Table 3, run 1, 2, 3, 11).47,36,39 The hcp structure was confirmed by 

both HRTEM and WAXS-RDF techniques (Figure 3, Figure 4). As shown in Figure 4, the 
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hcp model fitted well with radial distribution function (RDF) obtained from Co-NPs with the 

peak at 0.35 nm referring to a compact Co structure.   

 

Figure 3 : HRTEM image of metallic Co-NPs ( Table 3 run 1), reproduced. The fast Fourier transform image in 
the top-left corner shows hcp pattern. 

 
Figure 4 : RDF of 5.0 nm Co-NPs (Table 3, run 11) as reproduced from reference 67.  

Even if fcc (JCPDS ref. 00-015-0806) Co-NPs were not so common for low temperature 

synthesis (<400°C), there were some few cases in which this crystal structure was reported in 

organic solvent and in ILs (Table 3, runs 4-6, Table 4, run 1). However, it should be 

mentioned that the fcc structure in these studies was based only on HRTEM observations 
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(Figure 5) and XRD spectra showing only one sharp peak at 44.27° which is not enough to 

ascertain the structure. 

 

Figure 5 : TEM, HRTEM images of Co-NPs (1.5 nm) with a fcc structure (Table 3, run 4-6).49  

Another crystal structure of Co-NPs that is well represented in the literature is the ɛ-Co 

structure (Figure 6, JCPDS ref. 04-017-5578).86 It is a non-compact, meta-stable cubic crystal 

structure that can be transformed upon annealing into the more stable hcp and fcc structures. 

ɛ-Co was proposed as the structure of Co-NPs generated either in organic solvents (Table 3, 

run10) or in ILs (Table 4, run 7).31, 47, 52, 67, 86, 87 This ε-Co structure was fully characterized by 

HRTEM, XRD and WAXS techniques. From WAXS, it was interpreted as a mixture of bcc 

and hcp Co (Figure 7 and Figure 8)52. However, this description did not fully account for the 

experimental results. In particular, the experimental RDF lacked the peak at 3.5 nm 

characteristic of compact structures (Figure 8).52 

 

Figure 6 : The unit cell of ε-cobalt: a) unit cell cube filled with eight atoms of Type I (dark) and twelve atoms of 
Type II (light); b) 111-projection of the same cube showing threefold symmetry along its main diagonal. 
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Figure 7 :HRTEM images for 1.6nm and 2.6nm Co-NPs (Table 3 run 8-9).52 

 

Figure 8 : Experimental (solid line) and simulated (dashed line) reduced RDF for Co-NPs (Table 3 run 8-9).52  

 

The XRD diagram of Co-NPs prepared in C1C1ImNTf2 (Table 4, run 7 and Figure 9)   

indicates that these Co-NPs did not present a hcp or fcc structure. The observed reflections at 

2ɵ = 44.578, 47.128, and 49.558°, are related to the indexed planes of metallic ε-Co crystals: 

(2 2 1), (3 1 0), and (3 1 1), respectively.31, 86 Note that the XRD diagrams confirm that the 

metastable ɛ-phase could be transformed to hcp phase then to fcc phase upon successive 

annealing at 300 then at 500oC. CoO peaks were also detected resulting from the probable 

thermal degradation of the IL at 500°C.31  
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Finally, another original polytetrahedral structure for Co-NPs was proposed by Dassenoy, 

et al. 87 This model also fitted well with the experimental results (Figure 10). 

 

Figure 9 : XRD pattern of  Co-NPs in IL with a ε-Co structure (Table 4  run 7 ): a) experimental; b) calculated; 
c) the sample shown in  a) after being heated to 500 °C, peaks corresponding to fcc are denoted by X, peaks 
corresponding to CoO are marked with a stick spectrum. 31  

 

 

Figure 10 : Experimental (solid line) and simulated polytetrahedral model (dashed line) reduced RDF for Co-
NPs (Table 3 run 8-9).87 
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I-A. VIII. Superparamagnetic nature of Co-NPs 

Generally speaking, all small metallic Co-NPs prepared in organic solvents (Table 3, run 

1-11) showed a superparamagnetic behavior at room temperature with a blocking temperature 

(TB) values ranging from 9 to 20 K (see appendix 1). The only exceptions were Co nanorods 

(Table 3, run 3) showing a typical ferromagnetic behavior at room temperature. This result 

highlights the importance of the shape anisotropy in such systems with higher aspect ratio 

leading to higher shape anisotropy and hence, to much higher blocking temperatures above 

room temperature.  

Partial oxidation induced a sharp drop of the magnetic moment values (Table 3, runs 10, 

11). For example, the core@shell structured, Co@CoO NPs showed lower magnetic moment 

of 18-40  A.m2.kg-1 as compared to the bulk Co value, 160 A.m2.kg-1. Results from the 

smaller Co-NPs (Table 3, runs 8,9) showed some enhancement in the magnetic moments 

explained by the enhancement of the magnetic moment per atom in the two or three surface 

atomic layers in nanoscale particles.88 Another important finding from these results is the 

demonstration of the strong effects of chemical binding on the magnetic properties of surface 

atoms. For instance, exposing the Co-NPs to carbon monoxide environment caused a huge 

drop in their magnetization (Ms = 55±5 A.m2.kg-1), (Table 3, run 7) because CO molecules 

strongly coordinate with the metal.  

Similar to Co-NPs prepared in organic solvents, Co-NPs prepared from the 

decomposition of Co2(CO)8 in IL showed a superparamagnetic behavior at room temperature 

(Table 4, run1-7) with very low TB of 7 K.31 The only exception (Table 4, run 7) was 

observed with a bi-distribution of large Co nanocubes of size 79 ± 17 nm, that were 

ferromagnetic at room temperature with high TB values, together with small nano-sphere NPs, 

11 ±  3 nm in size, that showed superparamagnetic behavior and TB values of 7 K. For Co-

NPs (Table 4, run 1), the magnetic moment showed some dependence on the Co-NP size 

changing from 81 A.m2.kg-1 to 142 A.m2.kg-1 and to 132 A.m2.kg-1 by increasing the Co-NP 

diameter from 6 to 9 nm and then to 16 nm respectively. These values compare well with 

those of NPs generated in organic solvent in the presence of a ligand (Table 3). Consequently, 

the fact that these values were relatively lower than that of bulk Co (160 A.m2.kg-1) could be 

related to the presence of CO ligands coordinated to the Co-NP surface.50 
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I-A. IX. Conclusion and strategy 

In conclusion, in IL media, besides the preparation of Co-NPs from carbonyl by thermal 

decomposition, the H2 reduction of any organometallic precursor under mild conditions is 

scarcely reported, even if this chemical route is widely developed in organic solvents. In fact, 

the only example was reported by Dupont et al when they used a Co(II) OM precursor, 

bis(cylopentadienyl)cobalt(II)], to prepare Co-based NPs. This precursor was not easy to 

decompose, except in the presence of [tris(dibenzylideneacetone) bisplatinum(0)], to afford 

CoPt3@Pt nano-alloys. 60 In that particular case, the initially formed Pt seeds were needed to 

catalyze the reduction of the Co precursor.  

In our Laboratory, we developed in IL media a general and versatile route to access to 

size controlled NPs from the reaction of organometallic precursor under H2 atmosphere 

(Figure 11).26, 89, 90, 91 From this bibliography analysis, we choose Co(COD) (COE) as Co-OM 

precursor to generate, under mild conditions, metallic NPs under H2 in different ionic liquids, 

following the general procedure depicted in Figure 11. 

 
Figure 11 : Mechanism of metal NPs formation through the H2 decomposition of organometallic precursors 
dissolved in IL. 

  

OM H2, heating

IL

volatile

MNP

M  = Ru, Ni, Cu, Mn , Ta, 
dissolved in IL

byproducts 
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Unlike traditional solvents, ionic liquids (ILs) can be used to generate metallic NPs by 

several physical and chemical routes and stabilize them in the absence of further additives.24  

IL formed by the association of the n-alkylimidazolium cation, [C1CnIm] (n=length of the 

alkyl side chain), with the bis(trifluoromethylsulfonyl) imide anion [NTf2] (Scheme 4), are the 

most commonly used to generate mono-disperse metallic NPs below 5 nm through a variety 

of processes (either chemical or physical) in the strict absence of stabilizing agents.24 They are 

easily synthesized in a high purity, preventing NP contamination by the residual halide, water, 

or other starting material (see the experimental chapter).  

 
Scheme 4: Methylalkylimidazolium cation [C1CnIm] and bis(trifluoromethylsulfonyl) imide anion 
(TFSI = NTf2 = TFSA) 

Fortunately, these IL can dissolve various precursors. Inspired by Chaudret’s work in 

organic solvents, 56 the generation of NPs in ILs can be carried out by the decomposition 

under dihydrogen of organometallic (OM) precursors whose ligands do not interfere with the 

formation of NPs. A very good example is the formation of Ru-NPs by decomposing 

Ru(COD)(COT), with elimination of cyclooctane (COA).26, 79, 90, 92, 93 

For this PhD work, we choose Co(COD) (COE) as a Co(I) organometallic precursor to be 

reduced in to metallic NPs under H2 in different ILs based on imidazolium.  

Firstly, the thermal stability of Co(COD) (COE) was investigated both for the precursor 

alone and for solutions in C1C4ImNTf2, under nitrogen and under  hydrogen atmosphere. The 

byproducts were quantitatively analyzed in order to get information on the mechanism and the 

kinetics of the reactions. 

The experimental conditions of the decomposition reaction were optimized in order to get 

reproducible small and monodispersed metallic Co-NPs. Several parameters were considered 

like temperature, pressure, concentration, reaction duration and the nature of the imidazolium 

based IL (chain length of the cation). Then, the impact of the experimental conditions on the 

Co-NP structure and magnetic properties was studied through several techniques (HRTEM, 

WAXS-PDF and SQUID). 
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I-B. I. Thermal stability of Co(COD)(COE) 

i. Thermo-gravimetric analysis (TGA) of solid Co(COD)(COE) under N2 
In the literature, Co(COD)(COE) was  reported as a  very sensitive compound that should 

be kept at very low temperature under inert atmosphere. This observation raised some doubts 

about the possibility to handle such compound during our experiments without being partially 

decomposed (before applying H2). For that reason, TGA was used to investigate the thermal 

stability and the decomposition temperature (Td) of Co(COD)(COE) under N2.  

Regarding how to define Td, several definitions are reported in the literature affording 

different values: start temperature, onset temperature, x% mass loss temperature, and peak 

temperature. The start temperature (Tstart) is the temperature at which the sample starts to 

lose some mass, 94 and was defined as the temperature at which the first derivative of the 

weight loss vs. time curve is |dm/dT| > 10-4 %.s-1. The associated uncertainty was 5 °C. The 

x% mass loss temperature is the temperature at which x% of the mass, (e.g, x=1), are lost.95 

The peak temperature (Tpeak) is the temperature at which the derivative of the mass versus 

the temperature is the highest. 95 This analysis gives results even up to 80 °C higher than onset 

temperatures. The onset temperature (Tonset) is generally defined by the tangent method, but 

also by the 5% mass loss temperature. 95 For the first case, it is determined either by software 

or manually by the intersection of two lines. The first one is a straight baseline along the 

temperature axis (in the low-temperature region with no weight-loss or after the drying step), 

and the second is the tangent of the weight versus temperature curve as decomposition occurs 

(in the high-temperature decomposition region, see Figure 12).96 

In the literature authors are now well aware of the disparity between these different 

definitions when presenting TGA results and it is admitted that the thermal degradation occurs 

well before the onset temperature based on tangents methods.  

Back to our results, Figure 12 shows the variation of the Co(COD)(COE) mass as a 

function of temperature (black curve). The red curve represents its 1st derivative. From the 

black curve, the extrapolated Tonset is found to be 132oC and the maximum decomposition rate 

is obtained from the large peak minimum in the red curve at 160oC (Tpeak). These 

temperatures are reproducible experimental values specified and used by ASTM and ISO but 

that does not necessarily mean that there is no decomposition below those temperatures. In 

order to be sure, Tonset, recalculated using the 1st derivative curve indicates a Tstart equal to 

60oC (red curve). This means that the spontaneous decomposition of Co(COD)(COE) under 

N2 atmosphere starts taking a considerable rate at temperatures above 60oC which leave us a 
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wide window near room temperature to handle it (to weigh and dissolve in IL) before being 

decomposed. 

 
Figure 12 :  Comparison of the Td values of Co(COD)(COE)  (5oC.min-1, N2 atmosphere) according to the 
definitions To, Tstart and Tpeak; black line represents the sample mass and red line represents the first derivative. 

ii. DRIFT analysis of solid Co(COD)(COE) under H2 
The thermal decomposition of pure Co(COD)(COE) under 0.4 MPa of H2 was monitored 

using online IR and online GC-mass analysis during 5 h at 20oC.  

The evolution of the IR spectra with time is shown in Figure 13.  The spectrum at zero 

time was recorded for the sample under inert (Argon) atmosphere (just before applying H2). It 

shows the C-H bending peaks (around 900 cm-1) and C=C stretching peaks (around 1500 cm-

1) characteristic to cyclooctadiene and cyclooctadienyl ligands coordinating to the Co(I) atom. 

Upon applying H2, all these peaks gradually disappeared together with the domination of the 

characteristic peaks of cyclooctane (2900, 2680 cm-1 for alkane C-H stretching and 1480, 

1450 cm-1 for alkane C-H bending). This was a direct indication of the decomposition of the 

Co(I) precursor upon exposure to H2, even at room temperature, together with the 

hydrogenation of the unsaturated ligands into saturated cyclooctane. The fact that the 

unsaturated ligand peaks almost disappeared after 30 minutes of exposure to H2 indicated that 

the decomposition reaction was completed within this short time.  
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Figure 13 : Evolution of the IR spectra of solid Co(COD)(COE) with time upon exposure to 0.4 MPa of H2 at 
20oC. 

Simultaneously, the evolved gaseous by-products were monitored by GC-mass 

spectroscopy. As expected, cyclooctane (C8H16) was the main component in the evolved gas 

phase together with trace amounts of other gaseous byproducts which were cyclooctene and 

pentalene (Figure 14, left).  

The kinetics of the reduction reaction were approximately determined through integration 

of the peaks corresponding to cyclooctane. This integration signal is plotted as a function of 

the reaction duration in Figure 14, right. Co(COD)(COE) was fully decomposed after 5.5 

hours at 20oC. This was in apparent contradiction with the IR results indicating a full 

decomposition after ~30 min. This was probably related to the low vaporization rate of 

cyclooctane at 20°C (cyclooctane b.p. 149oC). Hence, the reaction was certainly much faster 

(as observed by the IR spectra) but the vaporization of the resulting cyclooctane into the gas 

phase is not fast enough to reflect the real reaction kinetics.  
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Figure 14 : (left) Chromatogram of the gas phase during the decomposition of solid Co(COD)(COE) under 0.4 
MPa of H2, 20oC at different time intervals; (right) evolution  of cyclooctane peak area with time. 

As a conclusion, Co(COD)(COE) was decomposing fast under H2 even at 20oC with the 

formation of cyclooctane as the main decomposition product. The fact that the unsaturated 

ligands could be hydrogenated in cyclooctane at 20°C suggested that Co(0) species known as a 

hydrogenation catalyst were generated in these experimental conditions. 

 

iii. In situ GC-mass monitoring of the thermal stability  under H2 of Co(COD)(COE) 
in C1C4ImNTf2: 

In order to get an idea about the kinetics of formation of Co-NPs in ILs an online GC-

mass tool was used to follow the gaseous decomposition products through the progress of the 

reaction. In this experiment, a solution of 5 x 10-2 mol.L-1of Co(COD)(COE) in C1C4Im NTf2 

was injected into a clean autoclave under argon purging. The autoclave was heated up to 

100oC then 0.4 MPa of H2 were applied. As for the solid, GC-mass spectra of the gas phase 

showed cyclooctane as the main decomposition product together with traces of cyclooctene 

and pentalene (Figure 15).  

In order to get some information about the kinetics of the reaction, the integrated peak 

intensities of these gaseous products were  correlated with standard calibration curves in order 

to get information about the progress of the reaction. That was then represented as 

%decomposition (Figure 16, red curve) which corresponds to the actual cyclooctane peak 

area/theoretical peak area assuming full decomposition multiplied by 100.  Co(COD)(COE) 

was found to be fully decomposed after 8 hours (Figure 16). As previously mentioned, this 

duration may not indicate the real decomposition time because it is hard to vaporize 

cyclooctane out of the IL.  
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The fact that the unsaturated ligands are hydrogenated to form cyclooctane, taking into 

account that this reaction can be catalyzed only by metallic Co and not by Co(I), confirms the 

formation of metallic Co structures as a result of the decomposition of Co(COD)(COE). 

The formation of traces of pentalene can be explained in terms of a series of 

isomerization reactions according to the mechanism depicted in Figure 17. The fact that the 

pentalene concentration is very small compared to cyclooctane proves the very slow kinetics 

of this side reaction as compared to H2 reduction of cyclooctadiene. For this reason, it should 

not be very significant. 

 

 

 
Figure 15 : Evolution with time  of the chromatogram of the gas phase during the reaction of Co(COD)(COE) 
[5  10-2 mol.L- 1] in C1C4ImNTf2, with H2 (0.4 MPa) at 100 oC. 

 
. 
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Figure 16 :  Evolution  of cyclooctane peak area with time (full line); % of Co(COD)(COE) decomposition 
(dashed line). 

 

 
Figure 17 : Proposed mechanism for the possible isomerization reactions catalyzed by Co(COD)(COE) in the 
presence of hydrogen.97 

 
iv. In situ GC-mass monitoring of the thermal stability in C1C4ImNTf2: under Ar 

then H2   

In order to further confirm our conclusions, another experiment setup was considered. In 

this experiment, a solution of Co(COD)(COE) in C1C4Im NTf2 was first heated up to 150 oC 

for 20 minutes under Ar. In this step, only the products resulting from a simple thermal 

decomposition of the precursor under inert atmosphere would be detected. In a second step, 

0.4 MPa of H2 were applied for 2 h. The purpose of this step was to study the reduction and 
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hydrogenation reactions taking place upon applying H2 gas. Online GC-mass analysis of the 

evolved gas phase was performed for both steps (Figure 18).  

 
Figure 18 : Evolution of the chromatograms of the evolved gas phase during the decomposition at 150oC of the 
solution of Co(COD)(COE) [ 5 x 10-2 mol.L-1] in C1C4ImNTf2 for 20 min under Ar (0.2 MPa), then  60 and 120 
min under 0.4 MPa of H2. 

Before applying H2, after 20 min under Ar (0.2 MPa) at 150 °C, only cyclooctene, 1,3-

cyclooctadiene and 1,5-cyclooctadiene were detected. The presence of cyclooctene suggested 

a partial hydrogenation of cyclooctadiene even in absence of H2. Such a reaction in the 

presence of Co(COD)(COE) was reported in the literature (Figure 17). 97, 98  

Upon applying H2, the 3 peaks of cyclooctene, 1,3-cyclooctadiene and 1,5-cyclooctadiene 

started to decrease together with the appearance of two new peaks corresponding to 

cyclooctane and pentalene. The formation of the latter compounds was a good indication of 

the presence of metallic Co-NPs.  

In conclusion, results from the two previous experiments in IL indicate that 

Co(COD)(COE) could be quite easily decomposed into metallic Co under H2 atmosphere at 

100-150oC.  
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I-B. II. Influence of experimental parameters on the Co-NP size 

Taking into account these data, the reduction of Co(COD)(COE) into Co-NPs was 

tentatively conducted in imidazolium based ILs, namely C1CnImNTf2 with n = 4, 8, 12, 14 

under H2. The influence of different experimental parameters e.g. reaction temperature, 

reaction duration, pressure of H2, and alkyl chain length of IL cation on the NP morphology 

was examined. 

i. Influence of reaction duration 

Based on our understanding of the results of the previous thermal decomposition studies, 

the decomposition of Co(COD)(COE) in C1C4ImNTf2, at 100°C under 0.4 MPa of H2 was 

carried out during 0.5, 4 and 24 h to fine tune the reaction duration. The main observation is 

that the size of obtained Co-NPs was always the same whatever the reaction duration 

(4.1±0.4, 4.1±0.5, 4.1±0.4 nm for 0.5, 4 and 24 h respectively) indicating that Co-NPs (like 

Ru-NPs) were stable in IL under H2.112, 90 In line with the in-situ IR study of the 

decomposition of Co(COD)(COE) under H2, it seems that the decomposition of this 

compound under H2 is quite fast. It seems to be almost complete even for very short reaction 

duration (30 min).  

ii. Influence of temperature 

The solution of Co(COD)(COE), (5x10-2 mol.L-1) in C1C4ImNTf2 was heated at 65, 100 

and 150°C under 0.2 MPa of H2 then the pressure was adjusted to 0.4 MPa after thermal 

equilibrium was reached and kept for 4 h. As reported for Ru-NPs in C1C4ImNTf2, 92, 93 the 

NPs size increased with the reaction temperature from 3.6±0.7 nm at 65oC, 4.1±0.5 nm at 

100oC and 7.0±0.8 nm at 150oC (Figure 19). A similar effect was observed with 

Co(COD)(COE) in organic solvents. The Co-NP size increased from 1.0 nm to 1.5 nm upon 

increasing the reaction temperature from 0 to 20oC.49 Increasing the temperature induces a 

higher rate of nucleation leading to smaller NPs but it also enhance the rate of NP growth.99 In 

our case, it thus seems that the second effect dominates. 
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Figure 19 : Evolution of Co-NP size with reaction temperature; Co-NP formedduring the reaction of 
Co(COD)(COE) under 0.4 M Pa of H2 for 4 hours. 

iii. Influence of the side alkyl chain length 

The Co-NP synthesis was performed in different ILs C1CnImNTf2 where n = 4; 8; 12; 14, 

4 hours at 100oC under 0.4 MPa of H2. Contrarily to the Ru-NPs but similarly to Ni-NPs 

generated in similar conditions, 100  the Co- NPs mean size does not significantly change with 

the IL chain length (Table 5). 
Table 5 : Size evolution of M- NPs (M = Co,  Ru and Ni) generated from Co(COD)(COE), Ni(COD)2 and 
Ru(COD)COT, respectively, at 100oC (75°C in case of Ni-NPs) under 0.4 MPa of H2, 4 h, in C1CnImNTf2 where 
n = 4; 8; 12; 14 within 4 h (30 min in case of Ni-NPs). 
 

Alkyl chain 
length (n) 4 8 12 14 

Mean size(nm) 
Co-NP 4.1±0.3 4.0 ± 0.3 4.4 ± 0.3 3.2 ± 0.2 

Mean size(nm) 
Ru-NP 90 3.8 ± 0.9 1.8 ± 0.5 1.7 ± 0.5 1.8 ± 0.3 

Mean size(nm) 
Ni-NP 89 5.9 ± 1.4 5.6 ± 1.3 --- 5.1 ± 0.9 

 

Note that Co-NPs generated in IL with n ˃ 10, Figure 20, were well separated showing 

larger inter-particle distance. This separating distance could be resolved in the TEM in the 

case of n=14. It was measured at 1.7±0.3 nm. This is most probably due to the fact that NPs 

were surrounded by a layer of IL which kept them apart. Indeed the observed spacing distance 

is comparable to what  is observed for Au-NPs prepared in C1C10 imidazolium imide 

(1.33 nm) 101 and for  Ni-NPs in long chain imidazolium ILs.89   
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Figure 20 : TEM images for Co-NPs generated at 100oC, 0.4 M Pa of H2 in (a) C1C4ImNTf2, (b) C1C14ImNTf2. 

 

I-B. III. Could RnSiH4-n be used as reducing agent of Co(COD)(COE) 
instead of H2? 

Recently, in our group, it was evidenced that the surface silane could reduce OM 

precursors.102 To our knowledge, only one example was reported in the literature for the NP 

preparation using alkylsilane as reducing agent. In that particular example, Pt-NPs were 

prepared  by the reduction of (COD)PtX2 (X = Me, OSi(OtBu)3) and Pt(dba)2 using 

octylsilane, acting as both the reducing agent and the stabilizer.103  

As it will be advantageous in terms of replacing the dangerous H2 gas with an easy to 

handle liquid compound, alkylsilane could be an option. Due to its low boiling point, it could 

also be easily recovered after the reaction. This approach was further investigated for 

Co(COD)(COE) to generate magnetic Co-NPs which is the main goal of this work. In 

particular, the possible formation of undesired Co silicides in this reaction was examined.  

i. Triethylsilane (Et3SiH) 

In a Schlenk tube, an equimolar amount of Et3SiH was added via a syringe to a 2 mL 

solution of Co(COD)(COE) (concentration 5x10-2 mol.L-1) in C1C4ImNTf2 under argon at 

20°C. The mixture was then stirred and kept at 50 °C for 2 h or for 4h under static argon 

conditions.  
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The color of the reaction medium changed from dark brown to black indicating the 

occurrence of a reaction and the possible formation of NPs. For both experiments, the GC 

chromatograms of the volatile compounds condensed after the reaction exhibit peaks 

corresponding to unreacted Et3SiH and several peaks identified as cyclooctadiene, 

cyclooctene and pentalene, resulting from partial hydrogenation of Co(COD)(COE)  ligands. 

The relative quantity of these compounds was dependent on the reaction duration, Figure 21.  

 
Figure 21 : GC spectra of condensed volatile compounds after the reaction of Et3SiH and Co(COD)(COE) in 
C1C4ImNTf2 at 50 °C under Ar, A) during 2 h, and B) during 4 h. 

 

TEM observations confirmed the presence of NPs whose size decreased with reaction 

duration, from 5.5±0.4 nm after 2h to 4.5±0.3nm after 4h (Figure 22). Such an unexpected 

trend is usually associated with an incomplete reaction for shorter durations. In fact, the 

reaction goes on after cooling down the medium, under conditions where the growth of 

existing NPs dominates the nucleation of new clusters. In this case, there is no accurate size 

control of NPs.27, 104 

 

 
Figure 22 : TEM image of NPs generated by the reaction of Co(COD)(COE) with Et3SiH at 50°C under argon, 
A) during 2 h, and B) during 4 h. 
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Indeed, GC measurements confirmed that the quantity of evolved hydrocarbons resulting 

from the reduction of Co(COD)(COE) by Et3SiH increased with the time. This is a clear 

evidence that the reaction was not complete within the 2h duration.  

To verify the chemical composition of the NPs (Co or silicide), the latter were extracted 

from the IL by centrifugation and washing with CH2Cl2. An elemental analysis of the solid 

showed that there was only a little contamination of the obtained NPs with Si (1.8% mass). 

This small contamination (3.6%at) could be due to the residual Et3SiH that was not properly 

washed prior to the elemental analysis. Finally, this result clearly demonstrates that the NPs 

generated during this reaction are Co-NPs. 

ii. Reaction with other silane compounds  

The reactivity of different silane compounds C8H17SiH3, (t-Bu)2SiH2 , Et2SiH2 with 

Co(COD)(COE) under similar conditions was also investigated (Ar atmosphere, 2 h, 50°C). 

In all cases, the reaction afforded Co-NPs with nearly equal sizes ranging between 5.5 nm to 

6.1 nm (Figure 23). 

 
Figure 23 : Size distribution of Co-NPs generated by reaction of Co(COD)(COE) with different RxSiH4-x 
compounds under argon, during 2 h at 50°C. 

Since the Si-H group should be the one involved in the decomposition reaction, it might 

not be accurate to fix the RxSiH4-x concentration. For example, using 0.05 mol.L-1 of OctSiH3 

gives 0.15 mol.L-1 of Si-H content which is 3 times higher than the Si-H concentration 
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resulting from using 0.05 mol.L-1 Et3SiH. However, besides a narrower size distribution with 

OctSiH3, both afforded similar Co-NP size. 

Therefore, a second set of experiments was repeated at 50 °C for 4 h with an equimolar 

ratio of Si-H/ Co(COD)(COE) (i.e. a  Si-H concentration of 0.05 mol.L-1) for Et3SiH and 

OctSiH3. Upon collecting and analyzing the volatile byproducts (mainly unsaturated 

cyclooctane derivatives), the amount of evolved byproducts was 1.7 times higher for OctSiH3 

as compared to Et3SiH, indicating higher decomposition rates. In the same time, smaller NPs 

were formed with OctSiH3 (3.8±0.3 nm) as compared to Et3SiH, (4.5±0.3 nm), indicating 

faster nucleation step in case of the former reagent. 

I-B. IV. Physico-chemical properties of Co NPs 

i. Structural analysis of Co-NPs 
 

The as-prepared Co-NPs exhibited a well-defined crystalline structure under high-

resolution TEM (HRTEM) as shown in Figure 24. As a result, fast-Fourier transform (FFT) 

analysis of the pictures yielded a pattern of clearly defined spots in the reciprocal space. This 

pattern was compared to the known crystalline structures of metallic Co (non-metallic 

structures were discarded, as magnetic measurements unambiguously demonstrate that our 

CoNPs are metallic). 

In all cases, spots corresponding to an interplanar distance of about 3.5Å were observed. 

It could correspond to the (001) distance in the hexagonal close-packed (hcp) structure, the 

stable allotrope of Co, or to the (100) distance in the fcc structure. Nevertheless, the other 

spots could not be indexed using neither of these structures. Finally, this distance could 

correspond to the (111) planes of a metastable cubic structure of Co usually referred to as ɛ-

Co.86 Indeed, it is shown in Figure 24b that the pattern in the FFT image can be completely 

indexed using this phase. The same was observed for all other NPs analyzed by HRTEM. 
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Figure 24 : (a) Exemplary HRTEM image of CoNPs generated by the decomposition of Co(COD)(COE) in 
C1C4ImNTf2 under 0.4MPa of H2 for 4 h and (b) FFT of the particle in the white square indexed by a cubic 
structure along the (-321) zone axis with a lattice parameter of 6.1Å corresponding to ε-Co. 

To confirm this, a more comprehensive study was undertaken using wide angle X-ray 

scattering (WAXS). These measurements were conducted on a sample suspension in 

C1C4ImNTf2 placed in a sealed quartz capillary using a Mo-Kα source at 0.71069 Å (see 

experimental chapter). 

Prior to the WAXS measurements, the X-ray fluorescence was first measured at =110° 

for 10 minutes between 15 and 18keV. The recorded signal showed both inelastic scattering 

(the 2 fine peaks just below 18keV) and elastic scattering (Figure 25). The high proportion of 

the inelastic scattering is typical of a sample rich in light elements (IL). The small peaks 

between 6.5 and 8keV correspond to the Co Kα (left) and Kβ (right) fluorescence. Finally, the 

capillary was placed at a position in which the fluorescence signal was maximum 

(corresponding to a local maximal concentration of Co).  

The WAXS response of the suspension is plotted in Figure 26, along with the response of 

blank IL sample. 
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Figure 25 : X ray fluorescence spectra of a suspension of Co-NPs in C1C4ImNTf2 measured at =110° for 10 
minutes between 15 and 18keV.  

 
Figure 26 : WAXS curves of Co-NPs as-prepared, suspended in C1C4ImNTf2 (red line) and of pure C1C4ImNTf2 
(green line). 

After subtracting the IL signal, it was possible to get the response of the Co-NPs (Figure 

27a). As expected, as-prepared Co-NPs did not produce well defined diffraction peaks. Rather 

the diffusion curve compares well with the signal reported for Co-NPs with the ε-Co 

structure.105 The deduced radial distribution function (RDF) is also in good agreement with 
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this structure, with a first metal-metal distance close to 0.255 nm (Figure 27b). A noticeable 

feature is the absence of a metal-metal distance near 0.35nm (grey area in Figure 27b), which 

is the signature for a non-close packed structure. All these results thus confirm that our Co-

NPs adopt the ε-Co phase. Finally, it should be noted that the coherence length is well below 

2 nm, which is significantly smaller than the size estimated by TEM. 

Interestingly enough, a drastic modification of the WAXS response was observed for Co-

NPs in C1C4ImNTf2 after a 2 -day decantation over a magnet, as shown in Figure 27a. Better 

defined peaks appeared at positions corresponding to the diffraction angles of hcp Co (red 

dots in Figure 27a). 

 

Figure 27 : (a) Scattering curves and (b) corresponding radial distribution functions (RDF) of Co-NPs as-
prepared in C1C4ImNTf2 and in C1C12ImNTf2, and after decantation over a magnet in C1C4ImNTf2. 
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The RDF is also in good agreement with this structure, with the development of a metal-

metal distance near 0.35 nm (Figure 27b).105 Hence, it seems that the metastable ε-Co-NPs 

have evolved during the decantation process into stable hcp Co-NPs. In the same time, the 

coherence length has increased to about 3nm, in better agreement with TEM observations. 

This indicates that the Co-NPs have recrystallized during decantation. It should be 

mentioned that this transformation was not necessarily quantitative, and that ε-Co-NPs were 

probably still present. They are not clearly visible because the contribution of the better-

crystallized hcp Co-NPs is dominating in the WAXS response. 

In contrary, the metal-metal distance near 0.35 nm was completely absent in case of Co-

NPs prepared in C1C12ImNTf2. This could be a clear indication for the domination of the non-

compact ε-Co phase in case of using long chain IL. 

ii. Magnetic properties: 

To characterize the magnetic properties of the Co-NPs in ILs, SQUID measurements 

were undertaken using suspensions of Co-NPs elaborated in C1C4ImNTf2 and C1C14ImNTf2. 

Prior to measuring the suspensions, the two ILs were tested. They were found to be 

diamagnetic with a low susceptibility, a good indication that they are chemically pure. For 

this reason, no significant contribution of the IL was expected to interfere with the response of 

the NPs. Nevertheless, some kind of transition was observed between 180 K. This could be 

related to the glass transition temperature of the IL (189 K, Figure 28).106  

 
Figure 28 : Magnetization versus temperature for pure C1C4ImNTf2 sample. 
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The magnetization curve of Co-NPs synthesized in C1C4ImNTf2 recorded at 250K is 

plotted in Figure 29a. This curve is well centered and symmetrical with respect to a zero 

magnetic field. The fact that the magnetization curves remained symmetrical when the 

measurements were repeated at 10 K (Figure 30) is clear evidence that these Co-NPs are 

metallic. In addition, the saturation magnetization was measured at 154 emu.g-1, which was 

close to the value of the bulk metal (163 emu.g-1). This was a good indication that the NP 

surface was not chemically contaminated, as expected in this IL-based process.105 Finally, this 

curve was successfully fitted with the Langevin function, in which the size of the NPs was the 

only adjustable parameter (the Co-NPs were superparamagnetic). This size was found to be 

4.1 nm, in good agreement with TEM measurements. 

The same conclusions can be drawn for Co-NPs grown in C1C14ImNTf2 (Figure 29b). 

The magnetic moment of Co atoms was 169 emu.g-1, which is even closer to the value of bulk 

metal. Also, the Langevin fit confirmed that these NPs were smaller, with a diameter of 3.7nm 

(3.3±0.5nm as measured by TEM).  

 
Figure 29 : Magnetization curves at 250K of Co-NPs synthesized in (a) C1C4ImNTf2 and (b) C1C14ImNTf2.  
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Figure 30 : Magnetization curves at 10K of Co-NPs synthesized in (a) C1C4ImNTf2 and (b) C1C14ImNTf2. 

The magnetic behavior of the Co-NPs in both C1C4ImNTf2 and C1C14ImNTf2 was further 

characterized by recording field cooled and zero-field cooled (FC-ZFC) curves (Figure 31). In 

both cases, the ZFC curve exhibits a clear maximum, corresponding to the blocking 

temperature Tb. The latter was only 7 K in C1C4ImNTf2, whereas it reached 160 K in 

C1C14ImNTf2. In both ILs, the Co-NPs are thus superparamagnetic at room temperature, as 

expected in this size range. However, considering that Co-NPs have similar diameters in both 

ILs, this difference in blocking temperature is unexpected, as is the fact that the smaller NPs 

in C1C14ImNTf2 exhibit a higher blocking temperature.  

 
Figure 31 : FC-ZFC curves of Co-NPs synthesized in (a) C1C4ImNTf2 and (b) C1C14ImNTf2 recorded at 50 Oe. 
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In fact, Tb also depends on the magnetic anisotropy constant K of the NPs. The latter was 

deduced using the following relation: 

 

Where kB is Boltzmann's constant and VNP is the volume of the Co-NPs (as computed 

from the diameter derived from the Langevin fit). The resulting anisotropy constants are 

6.8  105 erg.cm-3 and 2.0  107 erg.cm-3 for Co-NPs synthesized in C1C4ImNTf2 and 

C1C14ImNTf2, respectively. 

The magneto-crystalline anisotropy arises from the relativistic spin-orbit interaction, and 

gives rise to energetically-favored orientations for the magnetization relative to the crystal 

symmetry axis (see appendix 1). Therefore, highly symmetrical crystal structures give rise to 

quite low magneto-crystalline anisotropy (Table 6). The small anisotropy constant measured 

for Co-NPs in C1C4ImNTf2 can thus be accounted for by the quite high symmetry of either the 

cubic ε-Co or hcp structures. However, this does not explain the large anisotropy measured 

with Co-NPs in C1C14ImNTf2. Indeed, these NPs exhibit similar structure, size and shape as in 

C1C4ImNTf2. Also, the chemical nature of both ILs is very similar. For all these reasons, no 

significant surface anisotropy is expected in C1C14ImNTf2. 

Table 6 : Anisotropy constants of Co  

Structure K (x106 erg.cm-3) Ref. 

Bulk hcp 8.2 107 
Bulk fcc -0.6 108 

 

A more plausible explanation to account for the unusual anisotropy constants of Co-NPs 

in C1C14ImNTf2 is related to the fact that the previously mentioned equation is valid only if 

the interaction between clusters is negligible. Considering the aggregation of Co-NPs (Figure 

20), it is likely that some coupling occurs between the particles. Such a phenomenon is 

expected to affect the blocking temperature, and in turn the value of effective anisotropy 

deduced from that equation. 

Inter-particle coupling could also be responsible for the weak remanence of the Co-NPs 

(0.12 at 10 K for Co-NPs in C1C14ImNTf2, Figure 30). 
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Magnetic coupling between Co-NPs 

To further investigate the presence of such a coupling between Co-NPs, Isothermal 

Magnetic Remanence (IRM) and Demagnetization DC (DCD) measurements were 

undertaken. Since these measurements are not so common, they are presented here in details 

before going through data discussion: 

We start by plotting 3 different curves: 

 MDCD – orange curve: 

The sample is de-magnetized at room temperature by applying a large, decreasing 

alternative magnetic field. It is then cooled down to 10 K. At this point the 

measured magnetization is zero because the individual magnetizations of the 

clusters point at random over a complete sphere. Then a positive magnetic field H 

is applied – the X axis in the graph – and removed. The magnetization MDcD at 

zero field is again measured. A larger H is applied and the measurement is 

repeated. The measured magnetization gradually increases as more and more 

clusters are dragged towards the half-sphere centered on the H direction by the 

applied field. 

 

 MIrm – blue curve: 

The sample is cooled down to 10 K with a 20 kOe positive applied field. The field 

is removed and the magnetization is measured. What is measured is the finite 

remanent magnetization of the clusters, which, if there was no coupling, would 

have their individual magnetization pointing at random in the half-sphere centered 

on the direction of the positive cooling field. The measurement proceeds as for 

MDcD except that the applied field is negative. The measured magnetization 

gradually decreases as more and more clusters are dragged towards the half-

sphere centered on the H direction by the negative applied field. 

Both responses can be combined into ∆M according to the equation: 

 

 ∆M – grey curve: 

If there is no coupling, the curve is flat (i.e, ∆M=0 for all H values). Otherwise, a 

negative (positive) ∆M indicates an antiparallel (parallel) magnetic interaction. 
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This derives from the Wohlfarth theory for individual, uniform and uniaxial 

clusters.  

 
Figure 32 : Isothermal magnetic remanence and demagnetization DC measurements for Co-NPs synthesized in 
C1C14ImNTf2. 

The ∆M deduced from our measurements corresponds to the grey curve in Figure 32. 

This curve clearly departs from 0, which demonstrates the existence of an antiparallel 

coupling between the Co-NPs. This curve, obtained for a suspension of Co-NPs in 

C1C14ImNTf2 is reproduced in Figure 33 (black circles) together with the corresponding 

response of Co-NPs in C1C4ImNTf2 (red triangles). 

The shape of the black curve in Figure 33 suggests that this coupling has two 

components, one centered at 0.9 kOe and the other centered at about 5 kOe. Therefore, all 

experimental evidences converge in indicating that the Co-NPs in C1C14ImNTf2 undergo 

significant magnetic coupling. 

Finally, qualitatively reduced coupling was found for the Co-NPs in C1C4ImNTf2. In this 

case, a higher remanence of 0.2 at 10K was found (Figure 30). Also, the shape of the red 

curve in Figure 33 shows that the component at 5 kOe would be quenched. Such a diminution 

of coupling with respect to Co-NPs in C1C14ImNTf2 is consistent with the smaller anisotropy 

constant. 

However, it needs to be pointed out that this result is quite surprising, considering that the 

Co-NPs in C1C4ImNTf2 are closer than their counterparts in C1C14ImNTf2. For this reason, 

one would expect more magnetic interactions in C1C4ImNTf2. Further experiments are 

certainly needed to elucidate this question. 

-1.20 
-1.00 
-0.80 
-0.60 
-0.40 
-0.20 
0.00 
0.20 
0.40 
0.60 
0.80 
1.00 
1.20 

0 5 10 15 20 

∆M
 

H (kOe) 

DcD IRM 



50 

 

 
Figure 33 : IRM/DCD response of Co-NPs synthesized in C1C4ImNTf2 and C1C14ImNTf2. 

Effect of precursor concentration on the magnetic properties of Co-NPs: 

To further investigate the concentration effect and if it could reduce coupling between 

Co-NPs, experiments with the previous 2 samples were repeated with suspensions synthesized 

from 20x diluted solutions. The sample prepared in C1C4ImNTf2 is called Sample 1 while that 

prepared in C1C14ImNTf2 is called Sample 2.  

For sample 1, the FC/ZFC curve measured at 50 Oe (Figure 34) is a little bit noisy, but 

indicates a very large maximum around 150 K, which is much higher than that of the original 

sample ( 7 K, see Figure 31a). Of course, this corresponds to a much higher anisotropy 

(1.0  107 erg.cm-3). A large maximum can be an indication of a large distribution in the 

anisotropy energy of the clusters. As this energy is a product of the intrinsic anisotropy times 

the volume of the clusters. This could reflect a large size distribution: the smaller clusters 

become superparamagnetic probably somewhere below 150 K, and the larger ones become 

superparamagnetic at higher temperatures. 
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Figure 34 : FC/ZFC curve for Co-NPs suspended in C1C4ImNTf2 (0.0025 mol.L-1), recorded under 50 Oe 
magnetic field. 

From IRM/DcD measurements (Figure 35), we still have the antiferromagnetic coupling 

at 0.7 – 1.0 kOe.  

For sample 2 (Figure 36), it is also similar to its corresponding original sample with a 

magnetic moment of 181 emu.g-1, no oxides, a bit lower  of 105 K and anisotropy value of 

1.33  107 erg.cm-3. 

From the Langevin fit (Figure 37), the size of the Co-NPs is estimated at 3.7 nm which is 
similar to that of the undiluted sample and still comparable to the TEM values (3.3 nm). 

 
Figure 35 : IRM/DcD measurements for Co-NPs suspended in C1C4ImNTf2 (0.05 mol.L-1 , blue, 0.0025 mol.L-1, 
red) showing the ∆M values plotted as a function of the applied magnetic field. 
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Figure 36 : Magnetization curve for Co-NPs suspended in C1C14ImNTf2 (0.0025 mol.L-1) measured at 10 K. 

 

Figure 37 : Magnetization data for Co-NPs suspended in C1C14ImNTf2 (0.0025 mol.L-1) measured at 300 K 
(black) and the data fitting with Langevin model assuming 3.7 nm NPs (red). 

IRM/DcD measurements (Figure 38) shows the disappearance of the antiferromagnetic 

coupling at 5 kOe as compared to the original sample indicating that it has something to do 

with sample dilution. On the other hand, the AF coupling around 0.7 - 1.0 kOe still exists. 
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Figure 38 : IRM/DcD measurements for Co-NPs suspended in C1C14ImNTf2 (0.05 mol.L-1, grey and 0.0025 
mol.L-1, red) showing the ∆M values plotted as a function of the applied magnetic field. 

I-B. V. Conclusion 

Based on a detailed bibliographic study, Co(COD)(COE) has been verified to satisfy the 

various criteria for the synthesis of Co-NPs in ILs. It has a good solubility in these solvents, 

its decomposition temperature is less than 100°C and the main decomposition byproduct is 

cyclooctane, a volatile compound readily removed under vacuum. This was validated by a 

complete study involving TGA, DRIFT and GC-mass.  

Co-NPs were accessible through the decomposition reaction of this OM under H2. Their 

size could be tuned by varying the experimental conditions. For example, by increasing the 

reaction temperature from 65°C to 100°C and then to 150°C, the Co-NPs size increased from 

3.6 ± 0.4 nm to 4.1 ± 0.4 nm then to 7.0 ± 0.8 nm, respectively. The Co-NPs formed clusters, 

indicating that they were interacting. It is interesting to note that in an IL in which the 

imidazolium cation had a longer alkyl chain, C1C14ImNTf2, the distance between adjacent 

NPs was larger.   

The structure of these NPs was studied by HRTEM and WAXS showed that the Co-NPs 

consisted of a meta-stable allotrope of Co(0) called ε-Co. This cubic structure is not compact 

and could gradually evolve into the stable hcp structure at higher temperature. 
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The magnetic properties of Co-NPs were measured by SQUID. The magnetization curves 

confirmed that the NPs were as expected, not oxidized and superparamagnetic at room 

temperature. Their size estimated by a Langevin fit matched well with that measured in the 

TEM. 

The blocking temperature was also measured by the FC-ZFC technique. This temperature 

was 7 K for Co-NPs synthesized in C1C4ImNTf2, while it reached 160 K in the case of 

C1C14ImNTf2. This difference was attributed to an anisotropy difference which probably 

originated from a dipole coupling of the NPs. However, this interpretation leads to the 

conclusion that this coupling was more pronounced in C1C14ImNTf2, which is surprising 

because in this LI, Co-NPs were more distant from each other. 

Finally, a new synthetic approach for Co-NPs was investigated, in which H2 was replaced 

by a solute reducing agent, (C2H5)3SiH. This new method also made it possible to obtain 

small and monodisperse Co-NPs, whose structural and magnetic characterization is in 

progress. 
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Chapter II-A. 

 
 
 
 

 
 

 
State of the art:  

 
Chemical synthesis and structural control  
of cobalt based bimetallic nanoparticles  

in different media. 
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II-A. I. General concepts of bimetallic nanostructures 

Nanoscale systems and the size-dependent properties of materials have been of a great 

interest and opened up a lot of opportunities in the last few decades. The nanoparticles (NPs) 

have been at the core of these studies and it has been presented in details in the previous 

chapter.  

Metallic nanoalloys offer a new dimension to this field, combining these nanoscale 

effects with the adaptability of metallic alloys. Hence, the variety of compositions and 

structures (size, morphology, atomic arrangement) bring a vast range of possibilities. Their 

complexity, however, requires a multidisciplinary approach to characterize and to study 

them.29 

Most of the synthetic methods for monometallic NPs can be expanded to two metal 

systems. However, when NPs are produced using two different metals, there are several ways 

in which the metals can mix, and these processes, as well as the homogeneity and 

compatibility of the metals, have a great influence on the final outcome.29 The four main types 

of possible structures are: core-shell alloys (in which one metal forms the core and the other 

metal forms a shell around this core, Figure 39-a), subcluster-segregated alloys (each metal 

forms its own subcluster and these share a mixed interface of some sort, also known as Janus-

type alloys, Figure 39-b), mixed nanoalloys (either in an ordered manner or a fully random 

solid solution way, Figure 39-c), and multishell nano-alloys (onion-like or layered structure, 

similar to the core-shell but with multiple shells, Figure 39-d).109 
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Figure 39 : The main types of alloying in nanoparticles; a) core-shell particles, b) subcluster-segregated alloys, c) 
mixed alloys (ordered or disordered), and d) multi-shell configuration.109 

Due to the small size of nanoclusters, the arrangement of the atoms can also deviate from 

the conventional crystalline close-packed type structures and take on icosahedral, decahedral 

or tetrahedral based structures. 

i. Structure determining factors 

Several factors influence the final structure of the NPs:  

 Relative bond strengths: Stronger heteronuclear bonds favor mixing while 

stronger homonuclear bonds favor segregation. 

 Surface energies of elements: The element with the lower surface energy tends 

to occupy the surface.  

 Relative atomic size: As the core is more sterically confined, smaller atom tend 

to occupy those positions. 

 Charge transfer: Difference in electronegativity tends to favor electron transfer 

and mixing. 

 Strength of binding to surfactants: The metal that interacts more strongly to the 

surfactants can be pulled out to the surface.  

 In some cases some specific electronic or magnetic properties might also 

affect.109 
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The composition of the alloy can also influence the overall crystal structure.110 Predicting 

the final structure of a nanoalloy can be very complicated. Despite the fact that the kinetic 

mixing process is frequently significantly faster at the nanoscale than in the bulk (and even 

faster in smaller NPs), the energetic landscape of bimetallic NPs is generally highly 

complicated. As a consequence, it can take these bimetallic NPs longer to reach equilibrium 

than it does for monometallic clusters. Furthermore, kinetic trapping effects have been 

identified to have strong effects on nanoalloy formation.109 

Kinetics of nucleation can also play a very strong role in the formation and thus final 

structure of bimetallic NPs. In cases where organometallic salts or complexes are used as 

precursors, they must be reduced or decomposed to yield zero-valent metal nuclei. In case 

there is a significant difference in the rate of decomposition, an initial nucleus of the fast 

decomposing metal will be first formed, followed by growth of the slow-decomposing metal, 

leading to a core-shell structure. As less energy is required for heterogeneous nucleation than 

homogeneous nucleation, this growth is always favored over separate nucleation.111 The 

difference in rate of decomposition can be used to design the composition of the bimetallic 

NPs based on the kinetics of the reaction and it is even possible to adjust the parameters of the 

reaction to yield metastable NPs, i.e. a core@shell structure that is the inverse of the 

thermodynamically stable one (see Figure 42 on p. 66).112, 113  

Another potentially important parameter for the structure of NPs is the speed of the 

mixing process. This has been shown with in situ TEM studies of copper atom dissolution 

into gold clusters at the nanoscale.114, 115, 116  It was found that at room temperature, Cu 

diffused into 4 nm Au clusters in rapid spontaneous mixing at a rate, 9 orders of magnitude 

larger than for the bulk material, forming a solid solution well below the bulk order-disorder 

temperature. By significantly lowering the temperature, diffusion was halted to form a two-

phase structure with an Au core and a shell of Au-Cu solid solution. For larger particles, 

however, less mixing was found, i.e., with 10 nm clusters, Cu only diffused into the surface of 

the particle and at a size of 30 nm no dissolution was observed. This shows the importance of 

the low-temperature surface melting even if it is the negative heat of solution that acts as a 

driving force for this diffusion process. This type of rapid spontaneous mixing has also been 

observed in other systems; e.g., Au-Ni, Au-Zn, Au-Al, Au-Sn, and In-Sb. 



60 

 

Such an intermixing can also take place on boundaries of segregated nanoalloys. It has 

been found for a system of Au@Ag core-shell NPs that size dependent spontaneous inter-

diffusion takes place on the core-shell boundary in very small NPs (down to 2.5 nm). This 

was attributed to vacancy defects on the boundary, the number of which increases with 

decreasing particle size.109 

II-A. II. Co-based nanoparticles of particular interests 

i. Co-Pt NPs 

To date, Pt-Co bimetallic nanoparticles with various structures and morphologies have 

been experimentally synthesized by chemical and physical approaches.17, 18, 117, 118, 119, 120, 121 

According to the atomic distributions of elements, these nanoparticles may be classified as 

chemically disordered alloys (solid solution), ordered intermetallics, and core−shell 

structures, (Figure 40), depending on the preparation strategy and route. 

Numerous researchers have reported that Pt-Co (typical Pt3Co, PtCo, and PtCo3) alloy 

nanoparticles were chemically disordered, and most of them were coated by Pt-skin surface 

layer due to the thermally activated preferential surface segregation of Pt or preferential 

dissolution of the non-noble component during catalyst processing and operation of the fuel 

cell.14, 15, 16, 17, 18 These nanoparticles all possess face-centered cubic (fcc) crystal phases with 

a concomitant lattice contraction for Pt due to the incorporation of Co atoms.  

Meanwhile, structurally ordered intermetallic Pt-Co bimetallic nanoparticles have also 

been reported.17, 122, 123 For example, ordered Pt3Co intermetallic cores (L12 structure, Figure 

40), covered by a 2-3 atomic-layer thick Pt shell, exhibited over 200% increase in mass 

activity and over 300% increase in specific activity as compared with disordered Pt3Co alloy 

nanoparticles and the Pt/C catalysts.17 Besides, the ordered Pt-Co intermetallic nanoparticles 

(L10 structure, Figure 40) have also been prepared experimentally.122, 123 They exhibited a 

large coercivity owing to the rotation magnetization. The ordered Pt-Co intermetallic 

nanoalloy is an excellent system because it has both an excellent chemical stability, a high 

magnetocrystalline anisotropy and large coercivity resulting from the long-range order in 

these nanoparticles. This makes them one of the important candidates for future high-density 

magnetic storage media owing mainly to the existence of ordered intermetallic phases with 

exceptionally hard magnetic properties. The ordered Co-Pt nanoparticles have a large 
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magnetic anisotropy of about 4.9  107 erg.cm-3,12, 13 which makes it a potentially interesting 

material from a commercial point of view. From the practical application points of view, the 

magnetic data storage requires:  

(i) Small particle size with tight size distribution. 

(ii) fct phase with high magnetocrystalline anisotropy and preferred (001) oriented 

crystal to overcome the superparamagnetism. 

(iii) Well-separated nanoparticles for reduced exchange coupling effects.  

Hence these are three key challenges for practical data storage applications of L10 phase 

Co-Pt nanoparticles nowadays. 

Apart from the aforementioned two types of bimetallic nanoparticles, another type which 

has been successfully synthesized is the Co-core@Pt-shell (Co@Pt) structure.121, 124, 125, 126 

The electrochemical tests showed that the core−shell nanoparticles exhibit superior activity 

and durability for methanol oxidation than Pt-alloy catalysts.121, 126  

In addition, the stable existence of the ordered intermetallics and core−shell structures has 

also been theoretically confirmed.127, 128, 129 

As stated above, Pt-Co bimetallic nanoparticles present diverse structures and 

morphologies including disordered alloy, ordered intermetallics, and core@shell structures. 

Therefore, they could exhibit catalytic, electrical, magnetic, and optical properties remarkably 

different from those of their monometallic counterparts and that’s why it is so important to be 

able to synthesize them in a very controlled manner and to be able to fully identify their 

structural and physical properties. 
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Figure 40 : Schematic illustration of Pt-Co bimetallic NPs: (a) disordered Pt3Co alloy, (b) disordered PtCo alloy, 
(c) ordered Pt3Co L12 intermetallics, (d) ordered PtCo L10 intermetallics, (e) Co@Pt core@shell structure, and (f) 
Pt3Co@Pt core@shell structure. Coloring denotes the type of atom: blue, Pt atom; bright green, Co atom 
(reproduced from ref. 117). 

One important notice for all these structurally controlled bimetallic NPs is that they were 

prepared either physically, 12, 13, 117, 118, 122 or chemically, applying either a polyol reduction 

technique, 15, 17, 119, 120 transmetalation reaction, 14, 125 or through the reduction of the 

corresponding metal salts with a strong reducing agent like NaBH4.16, 123, 124 

Physical methods give an accurate access to  the ordered intermetallic structures together 

with possible localization arrangement of the NPs on a solid support if it is combined with 

lithography techniques (which is required for memory storage applications).130 On the other 

hand, the advantages of these techniques are always limited by the high costs and the needs of 

sophisticated equipments. They also miss the good control on NPs sizes below 10 nm. 

Chemical techniques are usually more cost effective and show better size control. Except for 

Dupont’s work,60 the organometallic approach was not much considered in the literature for 
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the synthesis of Co-Pt NPs and that’s why it will be considered with more details in this 

chapter.  

ii. Co-Ru NPs 

Another interesting class of Co-based bimetallic NPs is the Co-Ru NPs. Such bimetallic 

NPs find applications as catalysts for many reactions such as Fischer-Tropsch CO 

hydrogenation reaction,19 nitroarene reduction reactions 20 and as an electrocatalysts for 

oxygen reduction in fuel cells.21 For all these examples, mixing Ru with Co improved the 

catalyst performance. For example, in case of the Fischer-Tropsch reaction, the addition of 

small amounts of ruthenium to the standard γ-Al2O3-supported cobalt catalysts was 

advantageous in facilitating and improving the reduction of the cobalt. The amount of metal 

atoms exposed on the surface determined by H2 chemisorption was also found to increase by a 

factor of 3 upon adding Ru which resulted in an equivalent increase in the rate of CO 

hydrogenation. 

It should be mentioned that in all these examples, the Co-Ru NPs were supported or 

impregnated in a solid support such as zeolite, γ-Al2O3 or activated carbon. To our 

knowledge, there was no mention of the use of a stable unsupported Co-Ru bimetallic 

suspension for catalysis applications. This is probably because of the ease of recycling such 

supported catalysts as compared to unsupported NPs. For that reason, Co@Ru core@shell 

NPs with a magnetic Co core and catalytic Ru shell could be, if it is experimentally 

accessible, an interesting structure to be studied as a possible recyclable catalyst that has not 

yet been reported in the literature. 

As for Co-Pt NPs, the organometallic approach for the synthesis of Co-Ru NPs was not 

discussed in details in the literature. The concepts and advantages of this technique is going to 

be discussed in the following section.   

In order to access such NPs, it is very important to have naked metal NPs with possible 

hydride formation on its surface. Such structures could catalyze the addition of a shell of the 

second metal (Scheme 5). 131 
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Scheme 5 :  Mechanism of formation of bimetallic nanoparticles through the reaction of a second metal 
precursor with [M]s-H. 

Thus, bimetallic NPs should be easily accessible in ILs as they afford metal NPs with 

naked surface. That was already achieved for Ru@Cu system as will be discussed later on.27 

II-A. III. Synthesis of bimetallic nanoparticles through the 
organometallic approach 

As discussed earlier, bimetallic NPs can possess different structures showing different 

physical and chemical properties. This raises the challenge of controlling the chemical order 

of these NPs during their synthesis. Organometallic chemistry can afford some pathways to 

well control the chemical structure of these NPs.22 The first approach, which is well 

represented in the literature, is the  two-step ‘‘core then shell’’ synthesis.132 This method is 

very practical. It includes the generation of well-defined NPs that will serve as seeds for the 

growth of a shell of another metal. It is even possible to successively decompose 2 metal 

precursors mixed in the same solution into core–shell structured NPs on the basis of a large 

difference in their kinetics of decomposition. For example, Rh@Fe NPs were obtained upon 

hydrogenation of a mixture of {Fe[N(SiMe3)2]2}2 and [Rh(C3H5)3].113 This is because the Rh 

precursor has faster decomposition kinetics than the Fe one under such conditions. On the 

contrary, using amine-borane as reducing agent can reverse the decomposition kinetics and 

thus reverse the chemical order into Fe@Rh NPs.112 Such a kinetically controlled core–shell 

formation is very usefull in case a passivating layer was needed to protect easily oxidized 

NPs. It also gives access to metastable core-shell structures that exhibit new properties. 

Similar results were also achieved for Ni@Pd NPs,133 Cu@Ni and Ni@Cu NPs through 

typical organometallic approach.134 In some cases, it could also give access to hollow metal 

capsules as well.135 When the core consists of an easily oxidizing 3d metal, the second metal 

precursor could be able to oxidize the core during the second reaction step 

(transmetallization). Therefore, the use of a zero valent precursor is recommended in that case 

to minimize the transmetallization effect. 
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The second approach, on the other hand, takes advantage of this transmetallization 

process between large, first formed metallic cores (e.g. Co, Fe) and a noble metal precursor. 

As the redox process occurs, the size of the core decreases while the shell grows around it.136 

This approach is rather difficult to control and may lead to complete corrosion of the initial 

metallic core and formation of hollow metal spheres.137 

An example is the synthesis of bimetallic FeBi nanospheres.138 Even if these metals are 

immiscible in the bulk state and possess very different structural properties, the 

decomposition of their metallic precursors under amine-borane and H2 leads to the formation 

of core–shell nanospheres in a Bi core and Fe shell. Such a thermodynamically and kinetically 

unexpected chemical order is the result of a transmetallation process that occurs at the very 

first stages of the synthesis and favors the formation of a metastable intermediate Fe–Bi 

amorphous alloy. The deposition of the remaining iron on the surface of the preformed Fe–Bi 

alloy is thus promoted leading to the formation of FeBi core–shell nanohybrids (Figure 41). 

 

Figure 41 : Local elemental mapping of Fe−Bi nanospheres giving evidence for an iron-rich shell and a 
concentration of Bi atoms in the core region.138 

Similarly, Rh@Fe76 core@shell NPs were obtained upon hydrogenation of a mixture of 

[Fe[N(SiMe3)2]2]2 and [Rh(C3H5)3]. In these conditions, Rh atoms are produced faster than the 

Fe ones. On the contrary, when an amine-borane is used as reducing agent, reversed kinetics 

of the decomposition and thus a reverse chemical order Fe@Rh are obtained (Figure 42).22 
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Figure 42 : Kinetics control of the chemical ordering in FeRh NPS (reproduced from ref.22). 

Another example of the effect of the decomposition kinetics on the chemical order, is the 

controlled synthesis of RuPt nanosystems. When the 2 metal precursors, [Ru(COD)(COT)] 

and [Pt(dba)2], were simultaneously decomposed in the presence of polyvinylpyrrolidone as a 

stabilizer, RuPt nano-alloys with a fcc structure were obtained.139 Upon changing the Pt 

precursor with [Pt(CH3)2(COD)], which exhibits a lower decomposition rate, it was possible 

to tune the chemical order and to achieve a core–shell structured RuPt NPs. This chemical 

ordering into core–shell RuPt NPs is the result of the decomposition kinetics, 

thermodynamics, and from the steric properties of the stabilizer as well (PVP has little or no 

chemical interaction with those metals).  

In addition to the difference in kinetics of decomposition of the precursors, surface 

chemistry plays an important role in the final chemical ordering of the NPs.140 Therefore, 

molecular chemistry can be a powerful tool to engineer the synthesis of complex nano-

systems. 

In this context, the electronic properties of the stabilizing ligand has been found to affect 

the size and chemical composition of RuPt NPs.141 With the same metal precursors and 

reaction conditions as in the previous example, a strongly coordinating ligand 

(diphenylphosphinobutane) was used instead of the neutral sterically stabilizing agent (PVP). 

In that case, NPs with a ruthenium rich core and a disordered shell containing both ruthenium 
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and platinum were obtained (Figure 43). The complexity observed in the composition of these 

NPs arises from the high chemical affinity of the diphosphine ligand for both metals. This 

work proves how a simple ligand such as a diphosphine can cause a significant change in the 

chemical ordering in the formed NPs. Therefore, suitable selections of the metal precursor and 

of the stabilizer together with the choice of the decomposing agent are all necessary to well 

control the chemical order of bimetallic NPs. 

 

 Figure 43 : Schematic representation of RuPt NPs synthesized from [Ru(COD)(COT)] and [Pt(CH3)2(COD)] 
(reproduced from ref. 141). 

 

II-A. IV. Bimetallic nanoparticles in ionic liquids 

Despite the fact that the synthesis of bimetallic NPs in ionic liquids is not yet fully 

developed, some research has been already published for the synthesis of CoPt and CuRu NPs 

in IL using an organometallic approach.27, 60, 142 Other results for RuTa, RuPt, CuNi and 

CuMn NPs from our lab are also very promising, not yet published and it is going to be 

introduced in this part as well.  

i. CoPt NPs 

These NPs were prepared through a one-pot synthesis approach based on the spontaneous 

decomposition of [bis(cylopentadienyl)cobalt(II)] and [tris(dibenzylideneacetone)-

bisplatinum(0)] complexes in 1-n-butyl-3-methylimidazolium hexafluorophosphate at 150°C 

under hydrogen (10 bar) for 24 h.60 The obtained bimetallic NPs were found to be small (4.4 

nm), homogeneous in size (±1.9 nm) and well stabilized by the IL (Figure 44).  
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 Figure 44 : HAADF-STEM image of a set of Co/Pt nanoparticles and the particle size distribution histogram.60 

They possessed a core–shell like structures in which Pt was the main shell component 

and Pt concentration decreased in the inner-shells (CoPt3@Pt-like structure). The face-

centered cubic crystal structure was confirmed by XRD (Figure 45). The five diffraction 

peaks matched with those of pure Pt metal with fcc structure, corresponding to the (111), 

(200), (220), (311) and (222) planes. The peak positions were shifted to higher angles, relative 

to Pt, which indicates that Co was incorporated into the Pt fcc structure to form an alloy phase 

with a concomitant lattice contraction (0.38%). The XRD pattern possessed also (100) and 

(110) peaks characteristic of an ordered, intermetallic CoPt3@Pt-like structure. 
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 Figure 45 : XRD analysis of the bimetallic CoPt-NPs prepared in C1C4Im PF6 compared with bulk fcc Pt (gray 
lines). Inset: 220 reflections of bulk fcc Pt (gray line), CoPt3@Pt like and CoPt3 (green line) structures 
(reproduced from ref. 60). 

ii. RuCu NPs 

Similar to CoPt NPs,60 RuCo-NPs were successfully synthesized through the 

simultaneous decomposition of 2 metal precursors in an imidazolium based IL.27 A solution 

of 0.05 mol/L Ru(COD)(COT) in C1C4ImNTf2 was mixed with an equimolar solution of 

mesitylcopper(I) (CuMes) and allowed to decompose under H2 at 100°C. Surprisingly, the 

obtained bimetallic NPs were smaller than that of the monometallic Ru and Cu NPs prepared 

under the same conditions but using single OM (2.5, 4.4, 5.1 nm respectively). The size of 

NPs was also found to be tuned upon changing the ratio of the 2 OM precursors while keeping 

the total concentration constant (Figure 46). These CuRu NP suspensions have been 

characterized by Anomalous Small-Angle X-ray Scattering (ASAXS) on the CRG-BM02 

beam line at the European Synchrotron Radiation Facilities (ESRF), at energies slightly below 

the Ru K-edge (22.117 keV).  
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Figure 46 : Diameter evolution of the RuCuNPs with Cu content as measured by TEM and ASAXS, and 
comparison with the model developed in the present work (with 147 atoms in the core).27  

Three suspensions with atomic fractions of Cu, χCu, equal to 0.1, 0.75 and 0.9 as well as 

the pure IL were measured at four energies, respectively 21.6, 21.94, 22.06 and 22.1 keV. 

Figure 47 shows the radial intensities measured for two capillaries containing pure ILs and 

NPs dispersed in IL (χCu = 0.9).  

 

Figure 47 : Radial SAXS intensities as a function of the scattering vector, , measured for the sample with = 
0.9 (black curve) and pure IL (red dashed curve) (E = 22.1 keV). 

It appears clearly that below 3 nm−1 the intensity was dominated by the contribution of 

NPs whereas beyond this value the structure factor of IL was dominant with a first peak 

around 9 nm−1. The intrinsic scattering intensities of NPs , were deduced from the total 

intensity, , and the intensity of liquid, , corrected for sample transmission and 
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monitoring (Figure 48.a). The decrease of  with  was much faster for the Cu-rich NPs, 

as expected from the increase in size observed by TEM. The peak around 0.4 nm−1, which for 

 = 0.1 was well separated from the slower decrease starting from 0.8 nm−1, was attributed 

to larger particles, likely agglomerates. The variation of with the photon energy is 

shown in Figure 48.b for  = 0.1. The decrease of  when approaching the Ru K-edge 

results from the decrease of the form factor of the Ru atom, ; namely,  decreases from 

40.7 to 37.4 by changing  from 21.6 to 22.1 keV, while the form factor of Cu,  remains 

around 29.2. 

For bimetallic NPs, can be written as a function of the three partial structure 

factors,  as follows: 

 

Where  and  are the electronic densities.143 Therefore, the differential intensity, 

, is only dependent on  and  and its 

behavior with  provides interesting information.143  

 

Figure 48 : (a) Change of the intrinsic scattering intensity of NPs, , with the Cu atomic fraction at 22.10 
keV. (b) Variation of  with the photon energy (  = 0.1). 

Figure 49 (a–c) show the total intensities  measured at 22.1 keV for the three Cu 

atomic fractions together with their corresponding differential intensities calculated between 

21.6 and 22.1 keV after rescaling. It is striking that for  = 0.1, and behave 

similarly, while for the two Cu-rich samples, the decrease of  with  is much slower 

than the corresponding total intensities. This feature strongly suggests that Ru and Cu atoms 
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in the nanoparticles are not randomly distributed. More precisely, the slower decrease of 

 with  indicates that the Ru atoms are distributed in smaller volumes in agreement 

with a core– shell morphology where Ru and Cu atoms would occupy preferably the core and 

the shell of NPs, respectively. Furthermore, the three  are really similar in the -

range [0.8–2 nm−1], indicating a Ru core diameter almost identical in the three differently Cu 

enriched nanoparticles (Figure 49-d). 

 

Figure 49 : Experimental (black solid line) and simulated (red dashed line) intensities obtained at 22.10 keV for 
(a)  = 0.1, (b)  = 0.75 and (c)  = 0.9; the green points are the differential intensities,  (21.6 keV) − 

 (22.1 keV), after rescaling with respect to . (d) Comparison of the differential intensities obtained for 
the three compositions. 

Based on such features, simulations of the intrinsic NPs intensities was done allowing the 

determination of the diameter of the Ru core and the thickness of the Cu shell. A value of    

1.9 nm for the Ru core diameter was extracted, i.e. very close to the TEM value (see Table 7). 

Above 0.8 nm−1, the corresponding simulated curve is in good agreement with the 

experimental one (Figure 49-a), since as already mentioned, below 0.8 nm−1 the strong 

increase of  towards the smaller -values comes from larger clusters. 
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Table 7 : Geometrical parameters of the RuCu nanoparticles deduced from the ASAXS and TEM measurements 
for the three compositions.  is the Ru core diameter,  the Cu shell thickness,  the resulting total 
diameter of NPs and their concentration in the IL deduced from both ASAXS and TEM. 

 

For the two other compositions, simulations were done keeping fixed the Ru core 

diameter at 1.9 nm and its Gaussian distribution at 0.4 nm leading to a reliable determination 

of the shell thicknesses. All the parameters are given in Table 7 and compared to the TEM 

values. For  = 0.1 and 0.9, the agreement is relatively good, while for  = 0.75 the total 

diameter of NPs deduced from ASAXS equal to 3.4 ± 0.7 nm is larger, but still consistent 

with the value of 2.7 ± 0.6 nm deduced by TEM. For this sample, the more pronounced 

agglomeration of NPs is probably responsible for the larger experimental error on the 

diameter measured by ASAXS. 

From the transmission measurements and the values of the Ru core diameter and Cu shell 

thickness extracted from ASAXS, the concentrations of NPs in the IL could be deduced 

assuming that the atomic number densities of Ru and Cu in the core–shell particles are the 

ones of the pure metals and the molar density of IL remains unchanged in the presence of 

NPs. Again, for  = 0.1 and 0.9, a good agreement between the values deduced from 

ASAXS and TEM is found. For  = 0.75 the smaller density extracted from ASAXS could 

again be attributed to the more pronounced agglomeration of NPs.  

As a conclusion, it was proved that the NPs adopt a Ru-core, a Cu-shell structure, with a 

constant Ru core diameter of 1.9 nm for all Ru : Cu compositions, while the Cu shell 

thickness increases with Cu content up to 0.9 nm. The formation of RuCu NPs thus proceeds 

through rapid decomposition of the Ru precursor into RuNPs of constant size followed by the 

reaction of the Cu precursor and agglomeration as a Cu shell explains why the bimetallic NPs 

possess smaller sizes as compared to the monometallic ones. Thus, as already observed in 

conventional solvents, the decomposition kinetics of the precursors gives access to core–shell 

NPs composed of two metals without chemical affinity.  
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To elucidate the mechanism leading to Cu growth on top of Ru-NPs, the two reactions 

(formation of Ru nuclei and decomposition of CuMes) were performed separately. In a first 

experiment, a suspension of 2 nm RuNPs (formed in C1C4ImNTf2 under H2 at 25 °C) was 

mixed with a solution of CuMes in the same IL and exposed to H2 at 100 °C for 4 h. After the 

reaction, the diameter of the NPs increased from 2.0 to 2.5 nm, with Cu around Ru. A second 

experiment was conducted using a suspension of Ru-NPs formed under D2 (instead of H2). In 

this case, the reaction of CuMes under argon released deuterated mesitylene. Finally, when 

Cu atoms were directly evaporated into a suspension of Ru-NPs in IL, distinct Cu-NPs were 

obtained, leaving the Ru-NPs unchanged. All these observations support the reaction of 

CuMes with [Ru]s-H. This reaction prevents further growth of Ru-NPs, stabilizing smaller 

NPs, even with a small amount of Cu (Figure 50). 

 

Figure 50 : Proposed mechanism for Ru@Cu NPs formation. 

A simple model was devised to predict the size of obtained NPs (assuming a core-shell 

structure) and to compare it with the experimental one (from ASAXS and TEM). In this 

model, a nested icosahedral structure is assumed for the metallic NPs. These icosahedral 

arrangements are composed of  layers of densely packed atoms, contain 

 atoms and their successive layers are formed by 2 atoms. 

Each edge contains  atoms and has a length of approximately  (where  is the radius 

of atoms in the icosahedron, with  = 0.132 nm and  = 0.146 nm). Thus the volume of 

icosahedral clusters is given by: 
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The diameter of spherical NPs can be related to the volume of a specific icosahedral 

cluster, as follows: 

 

The size evolution of bimetallic NPs with composition can thus be modelled assuming 

that: 

1. The Ru precursor is first fully decomposed into Ru cores, whose size is the same for all 

particles where 0 <  < 1. 

2. The particles grow by further decomposition of the Cu precursor, the shell being 

formed layer by layer. 

Consequently, the bimetallic NPs are modelled by a core of atoms of Ru (  

layers), covered by n layers of Cu (n ≥ 1). This could be related to the atomic fraction 

(assuming full decomposition). At this stage, it is important to mention that the diameter 

values cannot be directly calculated from the previously mentioned equation because Cu 

atoms are significantly smaller than Ru atoms. Therefore, the diameter of the actual bimetallic 

NPs lies between two limiting cases: 

1. The NPs are composed of a core of  Cu atoms, encapsulated with a shell 

composed of  Cu atoms. This situation is underestimates the actual size of the NPs. 

2. Conversely, the NPs are composed of a core of  Ru atoms, encapsulated with a 

shell composed of  Ru atoms. This situation is overestimates the actual size of the NPs. 

The theoretical value of  were calculated upon the whole composition range for both 

limiting cases and it was found to be matching well with the experimental results (Figure 46). 

II-A. V. Generalization to other bimetallic nanoparticles 

Following the previous results with bimetallic Ru-CuNPs from our Laboratory and other 

bimetallic NPs from Chaudret’s group, if two organometallic precursors (OM1 and OM2) 
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exhibit a different rate of decomposition, this chemical route should afford to size and 

structure controlled bimetallic M1M2NPs. 

This chemical approach was generalized to other bimetallic systems. As Ru(COD)(COT) 

is easily decomposed, it was mixed with different organometallic precursors of Ni, Ta , Pt, 

whose decomposition kinetics are slower. Further experiments were also realized with Cu 

being co-decomposed with Ni, Mn precursors. 

i. Ruthenium-core based nanoparticles 144 

Ruthenium-nickel NPs 

Bis(1,5-cyclooctadiene) nickel, Ni(COD)2 was used as a Ni precursor and 1-hexyl-3-

methylimidazolium bis(trifluoromethylsulphonyl)imide, C1C6ImNTf2, as a solvent, due to the 

low solubility of Ni(COD)2 in C1C4ImNTf2. Figure 51 shows the size of the obtained NPs as a 

function of the molar fraction of Ni ( ) varying from 0.09 to 0.91. 

 

Figure 51 : Size and distribution of RuNi-NPs as a function of the molar fraction of Ni obtained at 
100°C under 0.9 MPa of H2 without stirring during 4 h in C1C6ImNTf2. 

Note that in these attempts, the total metal concentration was reduced to 1.8x10-4
 mol.L-1. 

This low concentration associated to the use of IL C1C6ImNTf2 instead of C1C4ImNTf2 induces 

a reduction of the size of Ru-NPs from 4 to 2.7 nm. 
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Ruthenium-tantalum and ruthenium-platinum 

Some attempts have been performed with tris(neopentyl)neopentylidenetantalum(V) 

(Np3Ta=CHCMe3) and (1,5-cyclooctadiene) dimethylplatinum(II) ((COD)PtMe2) in 

C1C4ImNTf2. Separate decomposition of these two OMs at 100°C under 0.9 MPa H2 for 4 h 

affords bulk metal. Surprisingly, a 1:1 molar mixture of Ru(COD)(COT) and (COD)PtMe2, or 

Ru(COD)(COT) and Np3Ta=CHCMe3 treated in C1C4ImNTf2 under the same conditions, 

yielded NPs with a mean size of 2.6±0.6nm and 2.4±0.8 nm respectively; compared to Ru-

NPs of 4.0 nm. 

Then, RuPt-NPs have been also synthesized in two steps. The size obtained of 3.0±0.7nm 

is nearly the same than RuPt-NPs formed in one step. As for RuCu-NPs, this proves that the 

decomposition of (COD)PtMe2 occurs on the Ru-NPs surface. 

To characterize the core-shell structure of RuTa-NPs embedded in C1C6ImNTf2, 

anomalous SAXS measurements were performed below the Ru-K edge (22.117 keV) and the 

Ta-LIII edge (9.881 keV) on the CRG-BM02 beamline.145  Bimetallic NPs were prepared by 

successive decomposition of the precursors: (i) decomposition of the Ru (resp Ta) precursor, 

(ii) addition of a solution of the Ta (resp Ru) precursor, (iii) decomposition under H2. In both 

cases, the Ru content was 20% of the total metal content. Therefore, these bimetallic NPs are 

labelled Ru2Ta8 (decomposition of Ru on Ta-NPs) and Ta8Ru2 (decomposition of Ta on Ru-

NPs). The ASAXS measurements were done at five energies: at the Ru-K edge (21.6, 21.94, 

22.05, 22.09 and 22.106 keV) and the Ta-LIII edge (9.68, 9.78, 9.844, 9.862 and 9.872 keV). 

In Figure 52.a, the scattered intensities of only the nanoparticles were obtained by subtracting 

the IL contribution (black curve) taking into account the transmissions of IL and IL+NPs. The 

curves obtained for E=21.6 keV reveal a strong increase of the intensity below 0.4 nm-1 for 

the particles containing Ta. Such effect stems from the agglomeration of nanoparticles and is 

not taken into consideration in the analysis of the morphology of the bimetallic particles, 

which relies on the anomalous variation of the scattered intensities with energy. Compared to 

pure Ru-NPs (red curve), the intensities for pure Ta and bimetallic NPs are much larger and 

decrease more rapidly with q between 0.5 and 2 nm-1, indicating the presence of larger 

particles. 

Moreover, the intensity for the Ru2Ta8 sample is similar to the Ta signal for q smaller 

than 1.25 nm-1 and to the Ru signal above, revealing two populations of Ru and Ta NPs. From 
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Guinier plots a linear behavior was found only for the Ru NPs leading to an average diameter 

of 2.3 nm ± 0.2 nm. For the Ta and Ta8Ru2 NPs, a broad distribution of diameters ranging 

from 2 to 4 nm was found depending on the q-range. For the Ta8Ru2-NPs, Figure 52.b shows 

the variation of the radial intensity when approaching the Ru K-edge. 

 

Figure 52 : a) Radial SAXS intensities as a function of the scattering vector, q, measured at E=21.6 keV for pure 
IL, pure Ta and Ru NPs and two bimetallic NPs. b) For Ta8Ru2 NPs, variation of the radial intensity with photon 
energy (K-Ru edge). 

The intensity of a spherical particle with a Ru-core@Ta-shell structure is given by: 

 

Where .  is the core radius and  is the shell thickness,  and  are the 

volumes of the Ru core and the whole particle, respectively,  ( =Ru,Ta, IL) are the 

electronic densities and 2. The observed decrease with E is mostly 

due to the decrease of the cross-term ( . Using a core 

radius of 1.15 nm and a shell thickness of 0.55 nm (i.e. 2 Ml of Ta), the intensities calculated 

for the different energies and integrated over a narrow -range (1, 1.25 nm-1) lead to a 

variation between the two extreme energies of 6% and this figure holds for a monodisperse 

suspension. The experimental curves (Figure 52.b) would lead to a variation of the integrated 

intensity of 26%, i.e. much larger than 6%, but also larger than the value corresponding to a 

shell consisting of only one monolayer of Ta atoms equal to 9%. However, as shown in 

Figure 52.b, the decrease of the scattered intensity becomes more important from 22.09 keV. 

In contrast, the change in intensity between the three first energies is weaker and its 

magnitude order is in a relatively good agreement with the model assuming 2 Ml of Ta. The 
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pronounced decrease of the scattered intensity above 22.05 keV can be attributed to a 

decrease of the number of particles in the beam. Indeed such effect was also observed at the 

Ta edge leading to an increase of the scattered intensity when approaching the Ta edge while 

a decrease is expected. Consequently no confirmation of the core-shell morphology can be 

brought by the Ta-edge measurements. 

In summary, core-shell morphology for the Ta8Ru2 nanoparticles is probable relying on 

the integrated intensities obtained at the Ru edge. As already shown for the Ru-Cu 

nanoparticles,27 the differential intensity between I(E=21.6) and I(E=22.05) proportional to 

the cross-term would decrease more slowly than the total intensity dominated by the term 

 . 

ii. Bimetallic Cu based nanoparticles 144 
Ni-Cu NPs 

In this section, the decomposition of Mes-Cu in the presence of Ni(COD)2 is investigated. 

The reaction was performed at 100°C under 0.9 MPa H2 for 4 h in C1C6ImNTf2. The molar 

fraction of Cu: χCu = β/(α+β) was varied from 0.09 to 0.91 where α and β corresponds to OM 

initial concentration for Ni and Cu, respectively. 

α Ni(COD)2 + β Mes-Cu + x H2 → NiαCuβ+ 2αCOA +β Mes-H 

Comparatively to Ni-NPs of 5.3 [4.2; 6.8] nm and Cu-NPs of 4.6 [3.6; 5.9] nm, the Ni-Cu 

mixture affords slightly smaller NPs (< 4 nm), for χCu = β/(α+β) ranging between 0.09 and 

0.83 (Figure 53). This effect is less pronounced since decomposition rates of the two 

precursors are close.  

The binary phase diagram of Ni-Cu shows that alloy formation is possible whatever the 

Cu concentration. However, as the Ni surface energy value (1.7- 1.9 N.m-1) is higher than the 

Cu one (1.1 at 1.3 N.m-1), it could be expected that the Cu preferentially remains on Ni 

surface. 
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Figure 53 : Size and distribution of NiCu-NPs as a function of the molar fraction of Cu, obtained at 100 °C under 
0.9 MPa of H2 without stirring during 4 h.  

In order to support this hypothesis, the catalytic activity of these bimetallic NPs has been 

studied in the isomerisation reaction of cyclic diene. Ni catalysts are active in the 1,5-

cyclooctadiene (1,5-COD) isomerisation following the catalytic cycle depicted in Figure 

54.146 Contrarily, Cu is known to be inactive. This catalytic reaction was thus conducted in the 

presence of NiCu-NPs as a catalyst, in order to study the effect of χCu on the catalytic activity. 

 
Figure 54 : Catalytic cycle of isomerisation and hydrogenation of 1,5-COD.146 Conversion and selectivity in 
function of molar fraction of Cu in bimetallic Ni-CuNPs. 



81 

 

Increasing χCu induced a reduction of 1,5-COD conversion (Figure 54). For χCu = 83 %, 

no more conversion is observed. This result provides evidence that Ni is less accessible when 

χCu increases, probably due to a Cu rich surface in NiCu-NPs. 

MnCu-NPs 

Bimetallic MnCu-NPs are very interesting as they could enable, through a further 

annealing step, the synthesis of self-formed Mn barrier layer and copper seed layer needed in 

microelectronic devices.147 In this part, the formation of MnCu-NPs from a mixture of 

organometallic precursors, Mes-Cu and bis(neopentyl)manganese, is reported. Again, the 

reduction occurred at 100°C under 0.9 MPa of H2 without stirring in C1C4ImNTf2 for 4 h. 

 

Figure 55 : TEM picture of Mn-CuNPs with 1:1 ratio of MnNp2 and Mes-Cu. 

Note that in these conditions, pure OMs yielded Cu-NPs of 5.1 [4.2; 6.3] nm and Mn-NPs 

of 2.3 [1.8; 3.0] nm (Figure 56). When χCu varied between 0.09 and 0.91, the resulting NPs 

had a similar sizes (2.6 [2.1; 3.3] nm for χCu = 0.09; 2.9 [2.3; 3.7] nm for χCu = 0.5; 2.7 [2.1; 

3.3] nm for χCu = 0.91). 
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Figure 56 : Comparative size distribution histograms fitted by log-normal law of Mn-NPs, MnCu-NPs (χCu = 0.5) 
and Cu-NPs obtained at 100 °C with 5x10-2 mol/L total concentration of precursors under 0.9 MPa of H2 without 
stirring during 4 hour in C1C4ImNTf2. 

In EDX analysis, these NPs proved to be composed of Mn and Cu. XPS analysis (Figure 

57) showed that no metallic Mn typical peak at 638.6 eV was observed, and that the Cu 2p3/2 

(932.9 eV) and Cu LMM (914.6 eV) values correspond to Cu2O. Mn oxide peaks were too 

broad and not well separated, preventing accurate determination of oxidation state. Hence, it 

was difficult to conclude from these analyses on the nature of MnCu-NPs. However, it has 

been shown that metallic Cu and metallic Mn-NPs were obtained under the same reaction 

conditions. Oxidation could occur during the transfer or the storage of NPs. In conclusion, the 

control of the NP size when χCu varied in the range between 0.09 and 0.91 and the analytical 

results let us suggest that there was formation of bimetallic MnCu-NPs which have been 

analyzed under oxidized state.  
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Figure 57 : XPS spectra of MnCu-NPs (ratio 1:1), top: Cu 2p3/2 area, bottom: Mn2p area. 

To conclude, an OM/IL approach is now well developed in our Laboratory that gave an 

easy access to many bimetallic NP systems with different structures. The challenging 

identification of the exact structure of these bimetallic systems was achieved by several 

advanced characterization tools like ASAXS and several microscopy techniques. In light of 

these results, this OM/IL approach is going to be extended to include magnetic Co-based 

bimetallic systems which is the aim of the next chapter of this thesis. 
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Chapter II-B. 
 
 
 
 

 
 
 

Results:  
 

Synthesis and structural properties  
of bimetallic Co-based nanoparticles in ILs 
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The decomposition of two OM precursors in solution in ILs, either successively or 

simultaneously, can lead to the formation of bimetallic NPs. In the previous chapter, it was 

shown that several bimetallic systems based on Co can exhibit useful properties for 

technological applications such as data storage or for catalysis. This chapter thus aims at 

demonstrating that the synthetic route in ILs is successful at forming Co-based NPs. 

The examples depicted in the previous chapter demonstrate that the surface chemistry 

plays a key role in the formation of bimetallic NPs. More precisely, the presence of surface 

hydrides is needed on at least one of the two metals to initiate the decomposition of the 

second precursor and deposit the second metal on the first one. For this reason, the first 

question addressed in this chapter is: do our Co-NPs possess surface hydrides? It will be 

shown that such species are present on the Co-NPs. In the second part of this chapter, this 

reactivity is used to promote the synthesis of CoRu-NPs, both by one- and two-step 

approaches. Finally, a similar study is carried out to demonstrate the formation of bimetallic 

NPs in the CoPt system. 

II-B. I. Surface chemistry of Co-NPs 

In chapter I-B, the Co-NPs were proven to be stable under H2 atmosphere. As for Ru-

NPs,90 these results could suggest the presence of surface hydrides, [Co]surf.-H, stabilizing the 

Co-NPs and preventing their agglomeration. Similarly to a previous work on Ru-NPs, 90 and 

in order to assess and quantify the existence of [Co]surf.-H, two sets of experiments were 

considered, both under argon: the reaction of freshly prepared Co-NPs suspension with i) 

tetramethyltin, and ii) ethylene. 

i. Reaction with tetramethyltin  

It is known that the hydrogenolysis reaction of MexSnR4 − x (0 ≤ x ≤ 4; R = methyl, n-

butyl, tert-butyl, neopentyl, cyclohexyl) with metal surface hydrides leads to the evolution of 

MeH and RH in the gas phase.131 In the presence of [Co]surf.-H, SnMe4 should thus react and 

release methane according to the following schema: 

x



88 

 

 

To verify if this reaction occurs, a freshly synthetized Co-NPs suspension (0.4 MPa H2, 

100oC, 0.05 mol.L-1 Co(COD)(COE), in 2 ml of C1C4Im NTf2) was kept under Ar purging for 

15 min. After addition of Me4Sn, the medium was kept at 50oC under stirring and static Ar 

pressure. After 24 h, all gaseous products were collected and analyzed by GC. The presence 

of methane was indeed confirmed and quantified (1.83x10-4 mol.L-1). This result is a clear 

indication of the presence of [Co]surf.-H. 

Furthermore, the modified NPs were analyzed by TEM. Images showed a little increase 

in their size from 4.1 ±0.4 to 4.7±0.3 nm. EDX and elemental mapping from STEM images 

proved the presence of little amounts of Sn on the Co-NPs colonies (Figure 58). 

 

 

Figure 58 : STEM images for Co-NPs cluster after reaction with tetramethyltin (left), STEM elemental mapping 
image reproduced by EDX considering Co Ka1 intensities (middle), STEM elemental mapping image 
reproduced by EDX considering Sn La1 intensities (right). 

 

ii. Catalytic hydrogenation of ethylene 

To confirm the existence of surface hydrides, the catalytic hydrogenation of ethylene 

under argon was performed.93 A freshly synthetized Co-NPs suspension in C1C4ImNTf2 was 

exposed to 11.4 KPa of C2H4 at room temperature. An accurate gas manometer was used to 

x + x x

STEM Co Ka1 Sn La1800 nm
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monitor the gas pressure evolution. The pressure was stabilized after 24 h. The gaseous 

products were then collected and analyzed by GC. To further collect the partially 

hydrogenated species such as (Co-C2H5), Scheme 6, 11.6 KPa of H2 were introduced and the 

reactor was heated at 100oC until a stable pressure was reached (after 23 h). The collected 

gaseous species were identified and quantified as above. It was found that the total amount of 

ethane corresponded to a total concentration of 1.65  10-4 mol.L-1 of [Co]surf-H. 

 

Scheme 6: Reaction of ethylene gas with [Co]surf.-H on freshly prepared Co-NPs. 

Finally, this experiment confirmed the presence of [Co]surf-H species. However, both this 

and the previous results were consistent in detecting quite a small amount of these species, 

estimated to about 1% only of the available surface Co atoms in the system. As for Ru-NPs in 

which, exactly the same procedure was applied to report 0.6 H/Rus as compared to 1-2 H/Rus 

from the literature,90 it should be noted that this method might not be so accurate in 

determining the exact amount of [Co]surf-H but indeed they are efficient enough to detect 

them.  In the next section, it shall be examined if this low amount of surface reacting groups is 

sufficient to foster the formation of bimetallic NPs. 

II-B. II. Synthesis of Co-Ru bimetallic NPs 

As Ru has been extensively studied and successfully used in several bimetallic systems 

(e.g, Ru-Cu and Ru-Ta),27, 142 we follow this concept to develop a versatile synthetic route for 

bimetallic nanoparticles of Ru and Co. 

i. By successive decomposition of 2 metal precursors 

Following the results of paragraph II.B.I, the most natural way to investigate the 

reactivity of the surface hydrides (either [Co]surf-H or [Ru]surf-H) is to tentatively decompose 

the second metal on pre-formed NPs of the first one. This approach is expected to result in the 

formation of either core@shell or nano-alloys structures. From a first sight on the CoRu phase 

diagram (Appendix 3), it seems that the core@shell structure is not the thermodynamically 

stable one. Despite so, such structure is not necessarily negligible, especially if the second 

C2H6 +                                                                 + C2H6
Ar, RT ∆

H2
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reaction step, involving the addition of the second metal, was performed at lower 

temperatures.     

Reaction of Co-NPs with Ru-OM precursor to generate CoRu-NPs 
Under argon, an equimolar solution of Ru(COD)(COT) in C1C4ImNTf2 was added to a 

freshly synthetized Co-NP suspension in C1C4ImNTf2 (4.1±0.5 nm). The mixture was kept 

under stirring for 24 h at room temperature. The TEM images of the resulting NPs showed an 

increase in the NP-size to 4.4±0.2 nm after reaction with Ru(COD)(COT), Figure 59. Note 

that a blank experiment on the Co-NP suspension under the same reaction conditions but 

without adding Ru precursor showed no increase of the Co-NP size. 

Furthermore, EDX and STEM observations (not shown here) prove the presence of 4-10 

at% of Ru, together with Co. If we assume an icosahedral model for the Co-NPs with a 

covalent atomic radius of 0.126 nm for Co (see equations in section II-A.IV.ii), the total 

number of Co atoms and of layers for 4.1 nm Co-NPs are ~3000 Co atoms, and 10 atomic 

layers. From the Ru content derived from the EDX analysis, between 120 to 300 Ru atoms 

were present on (or in) each Co-NP. This low Ru amount does not represent a complete layer 

of Ru (if on the surface). This is probably related to the weak surface hydride coverage. 

Nevertheless, it clearly demonstrate that the [Co]surf-H can decompose the Ru precursor to 

form CoRu-NPs. 
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Figure 59 : Size distribution for Co-NPs obtained through the decomposition of Co(COD)(COE) under 0.4 MPa 
H2, 100°C, 4 h, in C1C4ImNTf2, before (left) and after (right) exposure to an equimolar solution of 
Ru(COD)(COT) for 24 h, at room temperature under Ar. 

Reaction of Ru-NPs with Co-OM precursor to generate CoRu-NPs 

Similar to Co-NPs, Ru-NPs possess surface hydrides and hence, they could react with our 

Co OM precursor. 90, 93  

In this part we report the reaction of a Co(COD)(COE) solution in C1C4ImNTf2 with a 

Ru-NP suspension in the same IL under Ar to afford RuCo-NPs.  

 The Ru NPs were synthesized in similar conditions than Co-NPs (2 mL of 0.05 mol.L-1 

solution of Ru(COD)(COT) 100°C, 0.4 MPa H2, 4 h) and had a mean size of 2.6  0.2 nm. 

After a 24 h reaction with Co(COD)(COE), a single population of NPs with a mean size of 

3.7  0.2 nm was observed in TEM images(Figure 60). Taking into account that the Ru-NP 

size remained unchanged under Ar at room temperature, the 1.1 nm increase in the size of the 

primary Ru-NPs could probably indicate the formation of a 0.55 nm thick Co shell on the 

surface of the initially formed Ru core (Figure 60).   
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Figure 60 : Size distribution for Ru-NPs obtained through the decomposition of Ru(COD)(COT) under 0.4 MPa 
H2, 100°C, 4 h, in C1C4ImNTf2, before (left) and after (right) exposure to an equimolar solution of 
Co(COD)(COE) for 24 h at room temperature under Ar. 

 

ii. One-pot synthesis approach for RuCo-NPs 

One-pot synthesis approaches are an advantageous way to synthesis NPs as they reduce 

the production steps and costs. The synthesis of CoRu NPs through a one-pot approach was 

attempted by mixing 2 solutions, 0.05 mol.L-1 each, of Co(COD)(COE) and Ru(COD)(COT) 

in C1C4ImNTf2 in different volume ratios so as to keep the total volume fixed at 2 mL. In that 

way, the mole fraction of both metal precursors in the resultant solution was varied while 

keeping the total metal content fixed to 0.05 mol.L-1. These solutions were then allowed to 

decompose simultaneously under H2 atmosphere (0.4 MPa) during 4 hours at 100°C. In all 

cases, monodispersed NPs with a very narrow size distribution were obtained. Interestingly, 

their sizes depended on the Co/Ru ratio with an increase in size upon increasing the Co 

content (Figure 61).   
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Figure 61 : Size of Co1-xRux NPs plotted as a function of the mole fraction of Ru (XRu) in the initial solution 

mixture. 

It is important to note that some of the NPs had a smaller size than the pure metals. This 

behavior, which has been observed in other bimetallic systems,27 is a good indication for the 

formation of bimetallic NPs rather than the separate precipitation of the two metals.  

iii. Defining the structure of CoRu-NPs 

In order to resolve the structure of the CoRu-NPs, ASAXS experiments were undertaken 

using the CRG-BM02 beamline at the ESRF (see appendix 4). Measurements were performed 

at various energies close to the Ru-K edge (22.117 keV) to be able to separate the 

contributions of the two metals, as was done for RuCu and RuTa systems (see paragraphs II-

A.IV.ii and II-A.V.i, respectively). This approach had been successful at demonstrating the 

core-shell structures of these NPs. 

For this study, two reference samples were considered: Co-NPs formed under the usual 

conditions (4.1±0.3 nm) and Ru-NPs elaborated from Ru(COD)(COT) under the same 

conditions, at 100°C for 4 h in C1C4ImNTf2 (2.6±0.2nm). The latter sample was examined 

first to verify the accuracy of this series of experiments. The response of the Ru-NPs after 

correction for the apparatus and IL contributions is plotted in Figure 62. This curve is 
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comparable to the one measured in previous campaigns (see Figure 48, Figure 49, Figure 52). 

For low q values (below 0.25 nm-1 in this case), a peak of scattered intensity is indicative of 

the presence of agglomerates. A similar contribution of large objects is also present in the q-

domain below 1.0 nm-1. For this reason, this range was excluded from the analysis. Between 

1.0 nm-1 and  3.0 nm-1 (which is typically the limit above which the IL response starts to 

dominate, see Figure 47), this response could be reasonably well fitted using a model of 

monodisperse spherical particles. For this fit, the scatter length densities of Ru and the IL 

were fixed at 8.5  1011 cm-2 and 1.2  1011 cm-2, respectively. The best fit (red curve in 

Figure 62) was obtained with a NP diameter of 2.4 nm and concentration of 3.1  1019 cm-3. 

Both values are in fairly good agreement with TEM observations and expected mass balance 

of Ru. 

 

Figure 62 : Scattered intensity as a function of the scattering vector q measured at E = 21.6 keV for the reference 
sample containing Ru-NPs. In red, the best fit obtained with a spherical particle model. 

The same procedure was applied to the sample with Co-NPs. However, in this case, the 

scattered intensity could not be fitted with the same simple model. As compared to the 

expected response from spherical NPs, the scattered intensity curve was too flat (Figure 63). 

Considering the TEM picture in Figure 20, this deformation could arise from the aggregation 

of Co-NPs, which are not well dispersed like their Ru counterparts. Indeed, a similar 

deformation of the scattered intenisty curves has been observed for concentrated suspension 

of latex NPs and was attributed to the interaction of the NPs.148 To model such situations, the 
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usual strategy consists in introducing a so-called structure factor (or interference function). 

This factor (close to 1) modulates the form factor, which corresponds to the response of the 

uncorrelated NPs (like in the case of Ru-NPs) and contains the information about the size and 

internal structure of the NPs. To get access to the latter, it is thus needed to estimate the 

former. The structure factor is the Fourier transform of the radial distribution of NPs in the 

medium. 

A conventional and well documented approach to calculate this structure factor is to use 

the Ornstein-Zernike equation with an adequate closure relation in which the interaction 

potential between NPs is implemented.149 The most widespread closure relation is probably 

the Percus-Yevick approximation. When used with a hard sphere or sticky hard sphere 

potential, this model can be solved analytically. For both potential, the interaction energy is 

zero at long distance, and infinity (complete repulsion) below a given hard sphere radius that 

ought to be equal to or larger than the NP radius. In the case of sticky hard spheres, a potential 

well (attractive interaction) is introduced in the vicinity of the hard sphere surface (Figure 64). 

The depth of this potential is parametrized with the so-called stickiness coefficient τ.150 The 

closer this coefficient to zero, the deeper the potential well, the “stickier” the hard spheres. 

In a first approximation, the hard-sphere model was used to fit the response of Co-NPs 

(scattering length density of Co 7.0  1011 cm-2). In this fit, the NP radius and the hard sphere 

radius were considered as separate parameters. When both values were allowed to adjust, the 

NP radius always exceeded the hard sphere radius, which is unphysical. Interestingly enough, 

upon using a sticky hard sphere model, both radii adjusted to 1.3 nm. The concentration of 

NPs adjusted to 1.6  1020 cm-3, and the stickiness coefficient to 0.36. The corresponding 

curve is plotted in red in Figure 63, along with the separate contributions of the structure 

factor (in green) and the form factor (in blue). 
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Figure 63 : Scattered intensity as a function of the scattering vector q measured at E = 21.6 keV for the reference 
sample containing Co-NPs. In red the best fit obtained with a model of sticky hard spheres. In blue and green, 
the contributions of the form factor and structure factor, respectively. 

 

Figure 64 : Potential energy landscape V(r) for the (left) hard sphere and (right) sticky hard sphere models. 

The fact that a sticky hard sphere model yields a better fit than simple hard spheres is 

consistent with the attractive interaction between Co-NPs as observed by TEM (Figure 20) 

and measured by SQUID (paragraph I-B.IV.ii). However, the size derived from this fit 

(2.6 nm) is significantly smaller than the size measured by both these techniques. Also, the 

NP concentration is higher than expected from the mass balance. For all these reasons, this 

result should be considered with care. 
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The interference between interacting NPs has also been observed in bimetallic CoRu-

NPs. For instance, bimetallic NPs formed by the reaction of Co(COD)(COE) on Ru-NPs 

(such as those described in Figure 60) exhibited a clear correlation peak at about 2 nm-1. It 

was possible to tentatively fit this curve using the same sticky hard sphere model. The best fit 

was obtained for NPs with a scattering length density of 8.2  1011 cm-2 (intermediate 

between Ru and Cu, this parameter was allowed to adjust) and a diameter of 2.0 nm. The hard 

sphere diameter was much larger (3.5 nm), but the stickiness coefficient was again 0.37. 

However, this curve could also be fitted considering core-shell NPs (with a Ru diameter of 

2.1 nm and a Co shell of about 0.5 nm) in a hard sphere configuration. To discriminate 

between the two models, their accuracy at other energies (closer to Ru edge) still has to be 

tested. However, it is worth to note that in all cases, the simple fact that the particles are 

interacting indicates that Co is present under its metallic (and magnetically active) form, 

because such interaction is not observed for pure Ru-NPs.  

II-B. III. Synthesis of CoPt bimetallic NPs: 

The CoPt bimetallic system, which is of great importance for a variety of practical 

applications, has been studied following the same strategy as the CoRu system. 

i. By successive decomposition of 2 metal precursors 

In a first attempt, (COD)Pt(Me)2 was considered as a Pt precursor. 1 mL of 0.05 mol.L-1 

solution of (COD)Pt(Me)2 in C1C4ImNTf2 was added to a suspension of freshly prepared Co-

NPs of 4.8±0.4 nm (only purged with Ar for 15 min, not exposed to vacuum). The mixture 

was stirred and then kept under Ar for 24 h at room temperature. A first visual observation is 

that a metallic mirror was formed on the glass wall touching the solution surface. A gaseous 

aliquot was analyzed by GC-MS. Only traces of methane were detected corresponding to 

about 0.4% decomposition of the Pt precursor.  Analyzing the formed NPs by TEM showed a 

uniform size distribution centered around 4.9 nm. Hence, no significant increase in the size of 

the initial Co-NPs was observed. On the other hand, EDX confirmed that the NPs were almost 

exclusively composed of Co with only traces of Pt (0.3 at%, could be either impregnated in 

the Co-NPs or it could be just traces of the IL containing dissolved Pt precursor). From all 

these observations, we conclude that (COD)Pt(Me)2 is difficult to decompose under these 

reaction conditions and does not afford CoPt-NPs. Rather, it only decomposes partially to 

precipitate into a metallic mirror.  
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To confirm this, the previous experiment was repeated using D2 instead of H2 to 

decompose Co(COD)(COE) and form the Co-NPs. As a result, the Co-NPs are expected to 

possess a deuterated surface (instead of the typical surface hydrides) which, upon reacting 

with (COD)Pt(Me)2, should afford the formation of deuterated methane (CH3D).  Therefore, 

as in the previous experiment, a gaseous aliquot was analyzed in GC-MS. This analysis only 

showed the existence of methane and no evidences of deuterated methane. This rules out any 

surface reaction of [Co]-H with (COD)Pt(Me)2 to afford CoPt-NPs under our operating 

conditions.   

.  

 

Figure 65 : TEM image and size distribution of Co-NPs obtained through the decomposition of Co(COD)(COE) 
under 0.4 MPa H2, 100°C, 4 h, in C1C4ImNTf2, after exposure to equimolar solution of (COD)Pt(Me)2 for 24 h, 
at room temperature under Ar. 

In a second attempt, Pt(dba)2 was tested as a possible Pt(0) precursor. In this attempt, and 

in order to monitor the reaction from the beginning, Co-NPs were again synthesized using D2 

instead of H2 so as to label any possible surface reaction products. After purging the reactor 

for 15 min with Ar and then cooling down to 0°C, 1 mL of equimolar solution of Pt(dba)2 was 

added at a very slow rate while stirring to finally achieve an equimolar mixture of Co and Pt. 

The solution was then kept under static Ar at 20°C for 24 h. Then, all gaseous products were 

analyzed by GC. However, since dba is not so volatile, it was not detected. Therefore, the 
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liquid phase was also analyzed by high resolution mass spectrometry. Results showed only 

dba without any indication of either hydrogenated or deuterated derivatives. This indicates 

that under these conditions, no surface reaction occurred with the Co-NPs.  

Finally, the NPs were analyzed by TEM to reveal the existence of NPs around 5 nm in 

diameter together with other 1 nm NPs (Figure 66).  

 

Figure 66 : TEM image of a suspension of Co-NPs in C1C4ImNTf2 after exposure to equimolar solution of 
Pt(dba)2 for 24 h at room temperature under Ar.  

Upon switching to STEM mode (Figure 67), these small NPs appeared brighter, which 

shows that they were composed of a heavier element. To confirm this, quantitative EDX 

analysis was performed both on the overall sample and on a single small NP. The global EDX 

analysis showed identical amounts of Pt and Co (50 at % Co, 50 at % Pt). Since the excess IL 

solution was removed prior to analysis, this indicates a full decomposition of both OM 

precursors. Upon focusing on one 1 nm particle, only Pt was detected, with no trace of Co. All 

these observations clearly indicate that Co(COD)(COE) was fully decomposed into 5 nm Co-

NPs. Pt(dba)2 was decomposed separately from the surface of Co-NPs to form very small 

distinct Pt-NPs. However, it cannot be excluded that some of the Pt OM reacted on the Co-

NPs as well. In fact, based on a blank experiment for the stability of Pt(dba)2 in IL under the 

same conditions, Pt(dba)2 decomposes only in the presence of Co-NPs. This might indicate 

5 nm

1 nm
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that the decomposition of the precursor is indeed initiated by the [Co]-H. This could leave 

some Pt atoms on the Co-NPs, but also activate the decomposition of the rest of the Pt(0) OM 

to give separate Pt-NPs. This hypothesis matches well with the previously mentioned EDX 

results. 

 

Figure 67 : STEM image of the same spot as in Figure 66 showing the existence of distinct tiny NPs of a heavier 
metal, probably Pt. 

ii. One-pot synthesis approach 

From the previous section, it seems that the 2 step synthesis is not effective at forming 

bimetallic CoPt-NPs. Rather, it affords Co-NPs either with a mirror-like precipitate of Pt or 

distinct small Pt-NPs.  

As an alternative, the one-pot synthesis approach was considered. In this set of 

experiments, we started first by considering a reference sample that was fully studied and 

characterized in the literature for the sake of comparison with our results. This reference 

sample was prepared exactly as reported in Chapter (II-A.IV.i) and it looked very similar in 

the TEM. Then, several Co-Pt solution mixtures were prepared by mixing different volumes 

of 2 solutions: 0.05 mol.L-1 Co(COD)(COE) in C1C4ImNTf2 and 0.05 mol.L-1 Pt(dba)2 in 

C1C4ImNTf2. The total volume of the mixtures was always fixed to 2 mL (total metal content 

of 0.05 mol.L-1). Each mixture was then allowed to decompose under 0.9 MPa of H2 at 150°C 

for 24 h (same experimental conditions as for the reference sample).  
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For all samples, the at% values of Pt determined by global EDX were matching very well 

with the initial ratios of both metal precursors (Figure 68), indicating a full decomposition of 

both OM.  

 

Figure 68 : Co content as measured by EDX, plotted as a function of XPt in the initial mixture. 

Interestingly enough, for all the mixtures, a TEM analysis of the resulting NPs (Figure 

69) showed a single and narrow size distribution. Upon moving from pure Co towards Pt, the 

average size gradually decreased from 4.1 nm (pure Co) to 2.6 nm (  0.9, Figure 70). It is 

important to note that the latter were even smaller than pure Pt-NPs (3.0±0.3nm).  
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Figure 69 : TEM images of Co1-xPtx NPs prepared by simultaneous decomposition of Co(COD)(COE) and 
Pt(dba)2 in IL (XPt=0.25, 0.9) under 0.9 MPa H2, 150°C, 24 h.  

 

Figure 70 : Size of Co1-xPtx NPs plotted as a function of the mole fraction of Pt (XPt) in the initial solution 
mixture. 

iii. Defining the structure of CoPt NPs 

Samples with CoPt-NPs were analyzed at ESRF during the same campaign as for the 

CoRu ones. The same general observation can be made that the anomalous effect must be 

decoupled from the interference function to resolve their structure. However, in the case of 

CoPt-NPs formed in one step from an equimolar mixture of Co(COD)(COE) and Pt(dba)2, 
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quite a clear and steady evolution of the scattered intensity was observed as the energy was 

shifted towards the Pt-LIII edge at 11.564 keV (Figure 71). As expected, the overall intensity 

steadily decreased as the energy approached the Pt edge. Interestingly enough, following the 

reasoning in paragraph II-A.IV.ii, the differential intensity between 11.34 and 11.56 keV 

compares well with the sample’s response, except that it falls faster with q. This would 

indicate that Pt atoms are preferentially situated at the periphery of the NPs, like in a Co@Pt 

core@shell structure. However, more detailed analyses of these curves are needed to confirm 

this. 

 

Figure 71 : Scattered intensity as a function of the scattering vector q measured at various energies close to the 
Pt-LIII edge for the sample containing CoPt-NPs prepared in one step from an equimolar mixture of 
Co(COD)(COE) and Pt(dba)2. In red, the difference between the two extreme curves scaled to the initial 
response. 

II-B. IV. CoPt-NPs as hydrogenation catalysts 

Since Pt-NPs are known to catalyze hydrogenation reactions of olefins, the formed 

bimetallic NPs were tested as catalysts for the hydrogenation of cyclohexadiene into 

cyclohexene and cyclohexane in the presence of H2. The catalyst activity and selectivity was 

monitored as a function of . To allow the comparison between different catalysts, all 

catalytic reaction mixtures were diligently prepared in such a way that experimental 

parameters like the substrate-catalyst and substrate-ionic liquid ratio and therefore, viscosity 

and mass transport factors, remained constant.  
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In NP catalysis, as in heterogeneous catalysis, the reactions mainly take place at the 

surface of the NPs. As a result, the amount of surface metal atoms needed to be fixed for all 

experiments. 

The dispersion (D) is defined as the ratio between surface atoms, Msurf. and the total 

number of atoms, MT (D = Msurf. /MT). Obviously, D increases when the size of the NPs 

decreases.93 Suspensions of mono- and bimetallic NPs were synthesized from solutions with a 

total metal concentration of 0.05 mol.L-1. For each suspension, the amount of surface atoms 

was estimated from the average diameter as measured by TEM, assuming an icosahedral 

model assuming = 0.126 nm (see equations in section II-A.IV.ii). For instance, the 

following values were derived:  

 Pure Co-NPs with a mean size of 4.3 nm: Cosurf. = 0.013 mol.L-1.  

 CoPt-NPs with a mean size of 2.6 nm ( = 0.9): CoPtsurf. = 0.022 mol.L-1.  

 Pure Pt-NPs with a mean size of 3.0 nm: Ptsurf. = 0.02 mol.L-1    

To obtain the same amount of Msurf. (0.013 mol.L-1) for all catalysts, an adequate quantity 

of IL was added to each suspension. In addition, the same substrate-ionic liquid ratio was kept 

throughout the experiments by fixing the volume of suspension to 0.5 mL. In each 

experiment, 63μL of cyclohexadiene (CYD) was added, i.e. CYD / Msurf. equal to 100. After 

30 min under H2 (0.12 MPa), at room temperature, the medium was diluted in CH3CN, and 

analyzed by GC. Figure 72 shows the evolution of the CYD conversion over . Under these 

experimental conditions, Co-NPs were inactive, while the conversion rate gradually increased 

with Pt content to reach 50% for . For  the conversion rate did no longer 

significantly evolve. Since the surface metal content was fixed for all samples and assuming 

the formation of a Pt layer at the surface of the NPs, this plateau in the conversion could be 

explained by an almost full coverage of the NP surface by Pt atoms. Indeed, the completion of 

the first layer of the Pt shell is expected to occur for =0.35 (assuming  = 0.126 nm, 

 = 0.129 nm). Once this first layer is complete, and owing to our experimental procedure, 

the concentration of Ptsurf. would be stable for  affording a steady conversion rate. 

The selectivity in cyclohexene defined as the  cyclohexene/cyclohexane ratio, was 

maximal (75 %) for ,  then decreased sharply to 50 % for CoPt-NPs with 
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 (Figure 73). This tendancy for  could be related to the dilution of the active 

platinum surface atoms by inactive cobalt surface atoms when the Pt shell is incomplete.  

 
Figure 72 : Conversion of cyclohexadiene after 30 min under H2 (0.12 MPa), at room temperature plotted as a 
function of XPt. 

.  
Figure 73 : cyclohexene/cyclohexane ratio as a function of XPt. 
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As a conclusion, the activity and selectivity of Co-NPs, Pt-NPs, and CoPt-NPs in the 

hydrogenation of cyclohexadiene are consistent with Dupont’s work,60 confirming that  the 

generated  NPs are bimetallic and that the Pt atoms are likely to be located on the NP surface. 

II-B. V. Conclusion 

The successive or simultaneous decomposition of two OM precursors in an IL may lead 

to the formation of bimetallic NPs if the intermediate monometallic NPs have hydrides on 

their surface.27 For this reason, the existence of [Co]-H was demonstrated by 2 experiments. 

The first experiment consisted in exposing tetramethyltin to a freshly prepared suspension 

of Co-NPs in C1C4ImNTf2 under Ar. The presence of methane in the gaseous atmosphere was 

detected and quantified by GC. This methane production was attributed to the presence of 

surface hydrides on the Co-NPs.  

In a second test, the catalytic properties of the Co-NPs with respect to ethylene 

hydrogenation were evaluated under Ar. Once again, a quantitative analysis of the gas phase 

revealed the formation of ethane, which resulted from the hydrogenation of ethylene by the 

surface hydrides of the Co-NPs. 

Both experiments gave consistent results that were used to estimate the total 

concentration of surface hydrides to be 1.7-1.8x10 -4 mol. L-1. Even if this represents only a 

few % of Co atoms on the Co-NP surface, it was sufficient to initiate the deposition of Ru on 

the Co-NPs by adding Ru (COD) (COT) to the suspension. Indeed, TEM analysis showed a 

significant increase in the size of the NPs after the reaction. Similarly, a solution of 

Co(COD)(COE) reacted with a Ru-NPs suspension, which is known to have surface 

hydrides.90  

In a final approach, the synthesis of CoRu-NPs was attempted by simultaneous 

decomposition of the two precursors in solution (one pot synthesis). Different Co/Ru ratios 

were tested, while fixing the total metal content. In all cases, monodispersed suspensions were 

obtained, some having a smaller NP size than the pure metals. This behavior, which has been 

observed in other bimetallic systems, is a good indication for the formation of bimetallic NPs 

rather than the separate precipitation of the two metals. 
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For the synthesis of CoPt-NPs, the most effective Pt precursor was Pt(dba)2, a Pt(0) 

precursor. Initially, a two-step synthesis was attempted by adding C1C4ImNTf2 solution of 

Pt(dba)2 to a suspension of Co-NPs in the same IL. After 24 h under Ar, TEM observations 

clearly showed the presence of two populations of NPs, one centered at 5 nm (probably Co or 

CoPt) and the other centered at 1 nm, which did not exist in the initial suspension. A 

STEM/EDX examination confirmed that the latter population corresponded to Pt-NPs.  

To complete this study, a one-step synthesis was attempted. As in the case of the CoRu 

system, different Co/Pt ratios were tested, while maintaining the total metal content constant. 

Unlike the two-steps synthesis, monodispersed suspensions were obtained in all cases. Again, 

a monotonic variation in the size of the NPs against the metal composition was observed. For 

some bimetallic suspensions, the NP size was smaller than that of the two pure metals. This 

shows that bimetallic NPs have been obtained. To verify this, suspensions were analyzed by 

ASAXS at the ESRF. The results are still being exploited. Furthermore, these NPs have been 

tested as catalysts for the hydrogenation of cyclohexadiene. These tests showed that the 

reactivity increased sharply with the Pt content up to ΧPt = 0.5, then it saturated. This could 

correspond to the formation of a complete shell of Pt around the cores of Co for ΧPt ≥ 0.5. 
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Chapter III. 

 

 

 

Iron Nanoparticles (Fe-NPs) 
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Magnetic Iron and iron oxides nanoparticles have an extended use in many practical 

applications. For example, zero-valent iron (ZVI) finds large application as an efficient tool 

for removal of heavy metals and microorganisms from soils and water. The high magnetic 

moment of iron, its high saturation magnetization (MS) at room temperature (218 emu.g-1.) 

and high Curie temperature (770°C) makes Fe(0)-NPs a very important candidate in magnetic 

fluids, energy storage and medical applications. Furthermore, the rhombohedral iron oxide 

(hematite, α-Fe2O3) is the most widely used magnetic material in industry, because the 

particle’s morphology and size allow tuning their physical properties. Another very useful 

form of iron oxide is the cubic form (maghemite, γ-Fe2O3). Its small nanoparticles (< 20 nm) 

are used in biomedical applications due to their superparamagnetism and biocompatibility. 151 

Some physical or chemical methods are already reported in the literature for the synthesis 

of  Fe(0)-NPs.151 Monodisperse Fe(0)-NPs with sizes under 10 nm were  formed by reduction of 

FeCl3 in inverse micelles, by decomposition of an OM in the presence of a reducing agent ( 

H2 , R3B…) or by thermolysis  of the OM.10, 105, 151, 152, 153, 154  

III.I. Synthesis of Fe-NPs from organometallic precursors 

i. Synthesis of Fe-NPs in organic solvents 
In organic solvent, Fe-NPs were usually synthesized by thermal, ultrasonic or photolytic 

decomposition of iron organometallic precursors like iron carbonyl compounds, [Fe(CO)5, 

Fe2(CO)9], ferrocene, [Fe( 5-C5H5)( 5-C6H7)] or bis(bistrimethylsilylamido)iron, 

[Fe[N(SiMe3)2]2]2.  

Generally, the reduction of Fe(II) into Fe(0)-NPs requires high temperature (>100 °C) and 

long reaction durations (> 12h, Table 8). In most studies under such conditions, Fe(0)-NPs 

were immediately oxidized and surfactants were always needed to protect the generated 

nanoparticles against aggregation and oxidation, Table 8. 

The Fe-NPs generated in organic solvents from [Fe[N(SiMe3)2]2]2 required either 

reducing atmosphere (H2) and/or additives (iPr2NH-BH3 or iPr2NBH2, Table 8, entries 4-6, 8, 

9, 13).105, 153, 155, 156, 157, 158 Under H2 (0.4 MPa), in the presence of long chain amines and/or 

carboxylic acids (hexadecyl amine; oleic or palmitic acids) as ligands, the Fe-NP size was 8.3 

and 10.7 nm, for temperatures of 100 and 150°C, respectively (Table 8, entries 4, 6). Varying 

the hexadecyl amine/palmitic acid ratio (from 0 to 1.8 equivalent) and the reaction time (from 

2 to 21 days), it was also possible to change the NP sizes from 1.5 to 27 nm, and their 
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morphology from nano-spheres to nano-cubes or stars (Table 8, entry 13).154 In all cases, the 

Fe-NPs exhibited a bcc structure and a magnetism of 210 emu.g-1. Smaller Fe-NPs (1.5 to 4 

nm) were generated depending on the amount of iPr2NHBH3 and the reaction temperature (the 

size increased with the amount of iPr2NHBH3, Table 8, entries 5, 7-9). Note that this reducing 

compound acted also as a stabilizing agent of Fe-NPs, (Table 8, entries 7, 8).157 These smaller 

Fe-NPs exhibited higher magnetism than the larger ones. An original polytetrahedral structure 

was proposed.59 The main drawback of using iPr2NHBH3 was the inclusion of boron atoms, as 

shown by EXAFS and Mossbauer spectrometry. This resulted from the reaction of the amino-

borane byproduct onto the surface of the primarily formed Fe-NPs (Scheme 7). 

 

Scheme 7 : Proposed steps for boron incorporation.157 

Under similar experimental conditions, Fe( 5-C5H5)( 5-C6H7) yielded larger Fe-NPs (14 

to 16 nm) with a broad size distribution, (Table 8, entry 3). Even if no boron contamination 

was detected, their weaker magnetic moment (150 emu.g-1) suggested the presence of residual 

ligands on the NP- surface.155, 159 

Fe(CO)5, a volatile and unstable compound, was easily decomposed into Fe-NPs upon 

heating, sonication or microwave irradiation under inert atmosphere . For example, Fe-NPs of 

8 nm were formed under ultrasonic irradiation of a solution of Fe(CO)5 in hexadecane in the 

presence of oleic acid, (Table 8, entry 1).160, 161 Upon adding a polymer and anisole, two NP 

populations were formed, a smaller one (1.8-1.9 nm) with a very narrow size distribution 

(±0.1nm) and a larger one >8nm, (Table 8, entry 2).105, 156, 161 In all cases with this carbonyl 

precursor, there are always some risks to get some metal carbides.58 Indeed, these Fe-NPs 

exhibited a significantly weaker magnetic moment (101 emu.g-1) attributed to the 

coordination of carbonyl ligands on the NP surface, as previously noticed in the case of Co-

NPs formed from the corresponding carbonyl precursor.50  
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Table 8 : Size, shape, crystal structure and magnetic moment of Fe-NPs prepared through the decomposition of 
various Fe precursors under different experimental conditions. 

Entry P 
(MPa) 

Ɵ(oC) Precursor Medium Duration Size / Shape Structure Magnetism 

(emu.g-1) 

Ref 

1 -- 
Ultrasonic 
irradiation, 

30
o
C 

Fe(CO)5 Hexadecane/oleic acid 1 h 8 nm bcc 101 160
 

2 -- 
Sonication 

at R.T 
Fe(CO)5 Anisol / PPO 

 

1,9±0,1 (together 
with larger particles 

>8nm 

bcc (+ fcc for 
larger particles) --- 161

 

3 0.2 
130 

110 
[Fe(C

5
H

5
)(C

6
H

7
)] oleic acid / mesitylene 

2 days 

3 days 

16±1,5 nm 

14.2±1.8 
bcc 150 

155 
159 

4 0.4 150 [Fe[N(SiMe3)2]2]2 
Mesitylene/ 

hexadecylamine + oleic 
acid 

48 h 8.3 nm nanocubes bcc 212 162
 

5 
0.4 

110 

[Fe[N(SiMe3)2]2]2 

organic polymer matrix 12 h 1,8 nm nanoparticles Polytetrahedral 
structure  259 

105, 156 

6 150 long chain acid 
and amine ligands 48 h 8.4 nm nanocubes bcc 214 

7 No R. T [Fe[N(SiMe3)2]2]2 
Toluene/2.2 equiv. 

iPr
2
NHBH

3
 

overnight 

3–3.5 nm Polytetrahedral 
structure --- 

157
 

8 0.4 110 [Fe[N(SiMe3)2]2]2 
Toluene/0.16-1.6 
equiv. iPr

2
NHBH

3
 

2.8, 3.4, 3.5, 4 nm 
(iPr

2
NHBH

3
) 

 
  

9 0.4 150 [Fe[N(SiMe3)2]2]2 mesitylene 12 h 1.5±0.2 nm Polytetrahedral 
structure  153, 158 

10 

No 

150 

[Fe[N(SiMe3)2]2]2 

Mesitylene/ 
hexadecylamonium 

chloride+ 
hexadecylamine 

2 days 8,7±0.5 nm bcc 212 

163
 

11 135 4 days 10.4±0.8 nm   

12 120 7 days 10.7±0.5 nm   

13 0.4 100 - 150 [Fe[N(SiMe3)2]2]2 

Mesitylene/ 
hexadecylamine+ 

palmitic acid (0-1,8 
equiv) 

2 – 21 days 
1.5 to 27 nm 

spheres, cubes, or 
stars 

bcc --- 154
 

 

ii. Synthesis of Fe-NPs in ionic liquids 

Several attempts have been reported in the literature for the preparation of Fe-NPs in ILs, 

using PVD (Table 9, entry 1),71 decomposition of iron(0) organometallic precursors (Table 9, 

entries 2−7) or reduction of iron(III) salts (Table 9, entries 8−10). Fe(CO)5 was the most 

commonly used precursor. With this precursor, the generated NPs were mainly oxidized and 

their size and shape showed some dependence on the chosen IL and the reduction conditions 

with no general tendency (Table 9, entries 2-5). The formation of Fe(0)-NPs was only reported 
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in C1C4ImBF4 at 250°C under argon (Table 9, entry 6). However, no convincing analytic data 

were reported confirming the zero valence of Fe.  

Iron monoxide NPs, FeO-NPs, were formed during the decomposition of Fe(COT)2 under 

0.5  MPa H2 at 75 °C in C1C4ImNTf2 (Table 9, entry 7).  Dupont, et al164 attributed this to the 

presence of residual water confined in the IL, less than 300 ppm.165  

Another synthetic approach was based on the chemical reduction of Fe(III) salts (Table 9, 

entries 8-10). While the microwave hydrothermal synthesis from Fe(NO3)3.9H2O in 

C1C4ImBF4 afforded α-FeOOH (Table 9, entry 8), the authors claimed the formation of Fe-

NPs by  reduction of FeCl3.6H2O (Table 9, entries 9, 10) even in the presence of water (Table 

9,entry 10). It should be noted that the later results were obtained in fluorinated ILs 

(C1C1C4ImNTf2, C1CcyanopropylImNTf2, C1C1CcyanopropylImNTf2, C1CnImPF6, C1CnImBF4), even 

if some of them are known to produce HF in the presence of water.  

Additionally, Janiak, et al 166 observed that the decomposition of iron amidinate, 

Fe[MeC(NiPr)2]2, Fe(AMD)2, in fluorinated ILs yielded a mixture of large FeF2-NPs (~70 

nm) and smaller Fe-NPs with a broad size distribution (from 7 to 12 nm) while only Fe-NPs 

were observed when or non-fluorinated ILs were used. This result increased the doubts on the 

nature of the Fe-NPs obtained from FeCl3 in fluorinated ILs (Table 9, entry 10). 

As a conclusion, by contrast with organic solvents, the formation of Fe(0)-NPs in ILs was 

not straightforward as the few reported attempts to date show some uncertainties. 

Additionally, there was a lack of data concerning the magnetic properties of Fe(0)-NPs 

prepared in ILs. 
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Table 9 : Size and oxidation state of Fe-NPs prepared through the decomposition of various Fe precursors in 
several ILs. 

Entry Precursor IL Exp Cond NPs Size (nm) Characterization Ref 

1 Fe C1C4ImNTf2 PVD Fe(0) ??  71, 167 

2 Fe(CO)5 C1C2ImBF4 
Ultrasonication, 

0°C, air Fe2O3 2-6 
XRD, XPS, SEM, 

TEM, VSM 
168 

3 Fe(CO)5 C1C8ImBF4 ∆ 90°C, air Fe2O3 

length 
30±9.7, 
width 

5.7±1.8 

XPS, TEM, IR 169 

4 Fe(CO)5 C1C4ImNTf2 ∆ 280°C, Ar Fe2O3 10.6±1.6 
PXRD, TEM, IR, 

TGA 
170 

5 Fe(CO)5 C1C4ImBF4 250°C, air Fe2O3 4.2±1.1 TEM, TED, DLS 152 

6 Fe(CO)5 C1C4ImBF4 250°C, Ar Fe(0) 5.2±1.6 TEM, TED, DLS 152, 164 

7 Fe(COT)2 C1C4ImNTf2 
0.5 MPa H2, 

75°C FeO 5.3±1.6 
TEM, XANES, 

EXAFS 
164 

8 Fe(NO3)3.9H2
O C1C4ImBF4 

Microwave 
hydrothermal 
preparation, 

160°C 

α-
FeOOH 

1000 
PXRD, SEM, TEM, 

PPMS, BET 
171 

9 FeCl3 
C1C1C4ImNTf2 
C1CBCNImNTf2, 

C1C1CBCNImNTf2 

Stirring with 
EtMgCl in THF, 

R.T, Ar 
Fe(0) 5 TEM 172 

10 FeCl3.6H2O C1CnImPF6, 
C1CnImBF4 

Reduction by 
NaBH4 in 

IL/water medium 
Fe(0) 20±4 PXRD, TEM 173 

11 [Fe(AMD)2]2 
BF4, NTf2, TfO ILs 

C1C4ImTos 

Microwave 
heating (240°C) 

FeF2 

Fe(0) 

68-72 

7-12 
PXRD, TEM, EDX 166 

 

III.II. Selection and synthesis of Fe organometallic precursors 

From the literature survey, several iron precursors thus show some concerns such as the 

possible carbide formation in case of Fe(0) carbonyls and the difficult reduction of Fe(III) salts. 

Organometallic precursors are probably better candidates. Among them, bis(l,3,5,7-

cyclooctatetraene) iron(0), Fe(COT)2, and bis(bistrimethylsilylamido) Iron (II), 
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{FeII[N(SiMe3)2]2}2, were selected for this study as possible precursors for the synthesis of 

Fe-NPs in ILs. Indeed, the decomposition of these precursors under H2 is expected to generate 

either fully or partially volatile hydrogenated hydrocarbons as by-products. These volatile 

compounds can be easily removed under vacuum. To determine the optimal decomposition 

conditions under hydrogen, their thermal stability was monitored by coupled DRIFT and GC–

mass techniques first in the solid state (pure precursor), then in solution in the considered IL. 

Based on these results, the experimental conditions (time and temperature) were adapted for 

each precursor. The Fe-NPs syntheses were conducted in C1C4ImNTf2 IL, as well as in 

C1C2ImNTf2, C1C2ImB(CN)4 and C1C2ImFAP. Preliminary characterizations were performed 

by TEM, EDX and HRTEM techniques. Magnetism and WAXS experiments are still need to 

be considered in the future.  

i. Bis(l,3,5,7-Cyclooctatetraene) iron(0), Fe(COT)2 

Fe(COT)2, is usually prepared through the reduction of anhydrous iron(III) chloride with 

the isopropyl Grignard reagent in the presence of cyclooctatetraene.174 

 

Obtained as a black crystalline solid, Fe(COT)2 is unstable toward atmospheric oxygen. It 

can be stored for several weeks in an inert atmosphere at room temperature, and for several 

months at -40°C without significant decomposition. Fe(COT)2 is soluble in diethyl ether and 

common aliphatic and aromatic solvents but is less stable in solution and decomposes at room 

temperature within a few days even in  rigorously inert atmosphere. Chlorinated hydrocarbons 

rapidly decompose Fe(COT)2. Its solid-state structure established by x-ray crystallography 

shows that the Fe atom is five-coordinated and is linked through π-bonds to six carbon atoms 

of one ring and four of the other.174 
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Figure 74 : crystal structure of Fe(COT)2 as reproduced from ref.175 

ii. Bis(bistrimethylsilylamido)Iron(II), {FeII[N(SiMe3)2]2}2 (Collaboration Pr S. Daniele) 

{FeII[N(SiMe3)2]2}2 used in this work has been synthetized by K. Soussi, a former PhD 

student from Pr. S. Daniele’s Laboratory 

{FeII[N(SiMe3)2]2}2 was prepared by the reaction of FeCl2 with lithium bis(trimethylsilyl) 

amide LiN(SiMe3) in ether and then purified by distillation at 90-100oC (0.01 mmHg) as a 

green oil that crystallize at room temperature.176, 177, 178 

 

{FeII[N(SiMe3)2]2}2 is an extremely air and moisture sensitive light-green solid (m. p. 36-

38oC). It is very soluble in hexane and toluene, while THF binds to the iron center to produce 

a three-coordinated THF adduct {(THF)Fe[N(SiMe3)2]2}. The product crystallize as a dimer 

(Figure 75),177 while the monomeric form dominates in solution at room temperature. 

 
Figure 75 : crystal structure of {FeII[N(SiMe3)2]2}2 as reproduced from ref. 177 

Fe
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III.III. Synthesis of Fe-NPs from the Fe(COT)2 

i. Thermal decomposition of Fe(COT)2 under H2 

As for Co(COD)(COE),  Fe(COT)2 was expected to decompose under H2, affording Fe-

NPs in addition to some hydrogenated derivatives of  cycloooctatetraene. In order to confirm 

this reaction and to identify the best decomposition conditions, the thermal stability of 

Fe(COT)2 under H2 was first studied, both in the solid phase and in solution in IL.      

The reaction of the solid Fe(COT)2 under H2 at room temperature was tentatively 

monitored by DRIFT. However, because of its black color, no clear IR spectrum could be 

obtained due to saturation. Consequently, the reaction was monitored by GC-MS.  The GC-

MS spectrum (Figure 76, a) represents the evolution of the integrated peak areas of the 

evolved compounds, under 0.4 MPa of H2, at 25°C as a function of time. During the first 2h, 

only cyclooctatetraene and cyclooctatriene were present. The cyclooctatetraene peak area was 

roughly constant while the cyclooctatriene peak area increased monotonously. After 2h, a 

sharp decrease of the cyclooctatetraene and cyclooctatriene was observed together with the 

appearance of new peaks corresponding to cyclooctene and cyclooctane. The latter indicate 

the hydrogenation of the cyclooctatetraene and cyclooctatriene ligands. Such hydrogenation 

reaction, in these experimental conditions, ought to be catalyzed by zero-valent metallic 

species like Co, Pt or Fe.158, 179, 180 Hence, this hydrogenation reaction could indicate the 

formation of metallic Fe(0) as a result of the reaction  of Fe(COT)2 with H2. 

To investigate if the same behavior was maintained in IL solution, the reaction of a 

solution of Fe(COT)2  (2.5x10-3 mol.L-1 ) in C1C4ImNTf2, heated at 150°C, under 0.4MPa H2 

was monitored by GC-mass (Figure 76, b). The chosen experimental conditions were identical 

to those reported by Dupont. 164 As compared to the solid phase, the apparition of the products 

was faster due to the higher temperature, but their order of appearance was the same.  

During the initial reaction stages, only cyclooctatetraene (grey curve) and cyclooctatriene 

(green curve) were observed After 30 min, partially hydrogenated cyclooctadiene and 

cyclooctene were formed. For all these unsaturated products, the peak areas reached a 

maximum after 2h, and then all sharply decreased. Simultaneously, the peak area of 

cyclooctane which was initially the smallest, remained fairly steady until 4h. After that point, 

its peak area increased sharply, suggesting a large conversion of all derivatives into 

cyclooctane, (Figure 76, b). Nevertheless, it should be noted that the hydrogenation rates were 
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much slower in solution. This might related to the fact that less Fe(0) was formed as compared 

with the solid case. 

 

Figure 76 : Integrated GC-MS peak areas of different H2 decomposition byproducts of (a) solid Fe(COT)2, (0.4 
MPa H2, 25°C) and (b) solution of Fe(COT)2   (2.5x10- 3 mol.L-1 ) in C1C4ImNTf2, (0.4 MPa H2, 150°C), plotted 
versus time. 

ii. Reaction of Fe(COT)2 solutions with H2 
Based on these results, Fe-NPs formation was attempted through the decomposition of 

solutions of  Fe(COT)2 in C1C4ImNTf2. Since Fe(COT)2 has a low solubility in C1C4ImNTf2, 

adding pentane and heating up were necessary to obtain a partial solubility, Figure 77-left. 

Finally, solutions with concentrations between 2.5 x 10-2 and 5 x 10-3 mol.L-1 could be 

obtained. Taking into account the above results concerning the thermal decomposition under 

H2, the suspension was warmed at 150°C under 0.4 MPa of H2. After 48 h, the solution 

became brownish with black precipitate (Figure 77-right). 

 

Figure 77 : 2.5 x 10-2 mol.L-1 solution of Fe(COT)2 in C1C4ImNTf2, before (left) and after (right) the reaction 
with 0.4 MPa H2 for 48 h at 150°C. 
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The gaseous phase was collected after 4h and 48h from the start of the reaction. In both 

cases, the collected products were dissolved in acetonitrile and analyzed by GC. The 

chromatogram of the collected volatile products after 4h reaction time showed the presence of 

peaks identified as both cyclooctatetraene and cyclooctatriene. After 48 h, the gaseous phase 

contained only cyclooctane. These results are consistent with those of the thermal 

decomposition studies under H2 discussed above.   

Furthermore, the TEM images in (Figure 78) shows that small monodispersed NPs of 

4.4±0.5 nm were formed.  

 

Figure 78 : TEM images of Fe-NPs (4.4±0.5nm) prepared through the decomposition of 5x 10-3 mol.L-1 solution 
of Fe(COT)2 in C1C4ImNTf2 under 0.4MPa H2 for 48 h at 150°C. 

iii. Characterization of Fe-NPs 

Upon switching into HRTEM, it was possible to get the fast Fourier transform patterns of 

these NPs and to compare them with all the known crystal structures of Fe(0), as well as with 

all the oxide, sulfide, fluoride, nitride and carbide forms of iron (Figure 79). Surprisingly, the 

lattice parameters were not matching with any of these forms of iron. Instead, they fit well 

with a tetragonal structure with lattice parameters of a = 6.8 Å, c = 6.1 Å. 
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Figure 79 : HRTEM image of Fe-NP generated by the decomposition of Fe(COT)2 in C1C4ImNTf2 and the FFT 
of the particle indexed by a tetragonal structure along the (-110) zone axis with lattice parameters of a=6.8Å, 
c=6.1Å.  

In order to explain that, 3 different possibilities were considered. The first assumption is 

the possible oxidation of the initially formed Fe-NPs by the NTf2 anion. Indeed, zero-valent 

iron can reduce sulfoxyde functional groups. In order to verify that assumption, the synthesis 

of Fe-NPs was repeated again under exactly the same conditions but using ILs with different 

anions, C1C2ImNTf2, C1C2ImB(CN)4, C1C2ImFAP where B(CN)4 = tetracyanoborate, 

FAP = trifluorophosphate. The B(CN)4 and FAP anions were chosen because they are not 

expected to act as oxidizing agents for the NPs while the C1C2ImNTf2 was considered as a 

control sample. At first sight, there was a difference in the size of the NPs obtained in these 3 

ILs, 4.5±0.4, 5.5±0.4 and 11.6±0.8 for C1C2ImB(CN)4, C1C2ImFAP and C1C2ImNTf2 

respectively (Figure 80). Back to the crystal structure, NPs formed in C1C2ImB(CN)4 showed 

crystal parameters fitting with a cubic Fe2O3 phase (Figure 81), indicating that it is not the IL 

anion that affects the oxidation state of the formed Fe-NPs. 
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Figure 80 : TEM images for Fe-NPs prepared from the decomposition of Fe(COT)2 in (a) C1C2ImB(CN)4, (b) 
C1C2ImFAP and (c) C1C2ImNTf2. 

 

Figure 81 : HRTEM image of Fe2O3-NP generated by the decomposition of Fe(COT)2 in C1C2ImB(CN)4 and the 
FFT of the particle indexed by a cubic Fe2O3 structure along the (1-11) zone axis with a lattice parameter of 
8.3Å. 

The second assumption is the possible oxidation of the Fe-NPs by residual water 

molecules that are confined within the IL structure. This phenomenon was reported by 

Dupont, et al 164 as responsible for the formation of FeO-NPs from Fe(COT)2 in C1C4ImNTf2 

under similar reducing conditions. In our point of view, this assumption could be probable in 

the case of NPs prepared in C1C2ImB(CN)4 as they are clearly matching with a cubic Fe2O3 

structure. Even so, it is still questionable in the case of NPs prepared in C1C4ImNTf2 as they 

are not matching with any of the known iron oxide structures. In addition, zero-valent Co-NPs 
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as well as zero-valent Ta-NPs,181 which are highly sensitive towards oxidation, were 

successfully prepared under similar conditions and in the same IL medium. They were stable 

for long periods in such media without being oxidized. 

The last option could be that these are in fact metallic Fe-NPs but with an uncommon, 

non-compact structure of Fe, similar to the ε-Co structure (Figure 79), which is not 

documented in crystallographic databases. In fact, a similar case was previously reported by 

Margeat, et al,105 for Fe(0)-NPs prepared by the thermal decomposition of {Fe[N(SiMe3)2]2}2 

in organic solvents. In their work, the WAXS-RDF analysis did not show the peak at 0.35 nm 

corresponding to a compact structure. Based on these results together with HRTEM and the 

Mossbauer experiments, they attributed this to an unordered polytetrahedral structure of 

metallic Fe that shows a WAXS-RDF response perfectly matching with that obtained from 

Co-NPs with an ε-Co structure. 

To conclude, the existence of a non-compact form of metallic Fe could be probable but 

this still has to be confirmed by WAXS, SQUID and Mossbauer techniques in order to 

distinguish it from iron oxides.  

III.IV. Synthesis of Fe-NPs from {Fe[N(SiMe3)2]2}2  

This OM was chosen because it has been reported in the literature to decompose under H2 

in organic solvents to afford Fe-NPs (Table 8, run 4-13). 39, 91, 92, 94, 95, 96, 100, 101  

i. Thermal decomposition of {Fe[N(SiMe3)2]2}2 under H2 

Similar to Fe(COT)2, the decomposition of solid {Fe[N(SiMe3)2]2}2  under H2 was first 

monitored by GC-MS, either as a pure compound or in solution in C1C4ImNTf2 in order to 

recognize the reaction and the decomposition conditions. For the pure phase, 0.4 MPa of H2 

was applied at room temperature and the temperature was then raised by 1oC/min to 100oC 

then kept constant for 5 h. No volatile byproduct was detected until the temperature reached 

65°C after c.a. 45 min (Figure 82, a). The only compounds detected were identified as 

(Me3Si)2O and Me3SiOH. Note that as these compounds were unexpected, but could be 

produced by a reaction of the volatile (Me3Si)2NH with the GC column. To verify this, a 

blank sample of (Me3Si)2NH in acetone was injected into the same GC column. Both 

(Me3Si)2O and Me3SiOH peaks were detected as well, confirming the interaction with the 
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column material. Therefore, the sum of these peak areas was used as an indication for the 

progress of the reaction as represented in Figure 82a.  

Their peak areas were found to increase sharply with temperature. The curve reached a 

peak 30 min after the temperature was stabilized at 100°C (i.e. 2 h from the start of the 

experiment). As a conclusion, pure {Fe[N(SiMe3)2]2}2 was determined to start decomposing at 

65°C under H2. This reaction was fast as the precursor was full decomposed after 2 h.  

The decomposition of {Fe[N(SiMe3)2]2}2 was then studied in solution in C1C4ImNTf2 

(2.5  10-2 mol.L-1, 0.4 MPa H2 and 100oC). The same products, (Me3Si)2O and Me3SiOH, 

were again observed (Figure 83, b). Following the evolution of the peak areas with time, the 

precursor in solution could be considered as fully decomposed after 2 h. (Figure 82b). Note 

that the residual pentane observed in this case is due to its use to facilitate the dissolution of 

{Fe[N(SiMe3)2]2}2 in IL. 

As a conclusion, {Fe[N(SiMe3)2]2}2 was decomposing in C1C4ImNTf2 under 0.4 MPa H2 

at 100oC. Minimum duration of 2 h is required to complete the reaction. Therefore, these 

decomposition conditions were applied in the subsequent section to prepare the Fe-NPs from 

this compound. 

 

Figure 82 : Sum of integrated GC-MS peak areas of different H2 decomposition byproducts during the reaction 
of H2 (0.4MPa) with {FeII[N(SiMe3)2]2}2 (a) in pure form starting at 25°C while raising T 1oC/min to 100oC and 
then keeping it constant for 5h, (b) in C1C4ImNTf2 solution  (2.5 x 10-2 mol.L-1, 100oC), plotted versus time. 
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Figure 83 : GC-MS chromatograph recorded during the reaction with H2 (0.4MPa)  of (a)  solid 
{Fe[N(SiMe3)2]2}2  (corresponding to 70°C reaction temperature) and (b) {Fe[N(SiMe3)2]2}2  solution in 
C1C4ImNTf2 (2.5 x 10-2 mole.L-1, 100oC, after 1h of reaction). 

ii. Reaction of {Fe[N(SiMe3)2]2}2 solutions with H2 

In a first experiment, a 2.5 x 10-2 mol.L-1 solution of {Fe[N(SiMe3)2]2}2 in C1C4ImNTf2 

was decomposed under 0.4MPa of H2 at 100oC for 4 h. After the reaction, the solution turned 

very black in color (Figure 84). 

 

Figure 84 : 2.5 x 10-2 mol.L-1 solution of {Fe[N(SiMe3)2]2}2 in C1C4ImNTf2, left: before and right: after, the 
reaction with 0.4MPa H2 for 4 h at 100°C. 

Volatile products were also collected, dissolved in acetone and analyzed by GC. It should 

be noted that the GC column used in that case was different than that of the in situ-GC. It did 

not exhibit any reaction with the (Me3Si)2NH. In that case, the obtained chromatogram 

confirms the formation of (Me3Si)2NH as the main decomposition product together with 

traces of (Me3Si)2O (Figure 85).  

(a) (b)

0.4 Mpa, 100OC, 4 h
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Figure 85 : GC chromatogram of the volatile byproducts resulting from the reaction of 2.5 x 10-2 mol.L-1 solution 
of {Fe[N(SiMe3)2]2}2 in C1C4ImNTf2 with 0.4MPa H2 for 4h at 100°C.  

In TEM, the formation of very small and monodispersed (4.1±0.4 nm) NPs was observed 

(Figure 86).  

 

Figure 86 : TEM  image of NPs prepared through the decomposition of 2.5 x 10-2 mol.L-1 solution of 
{Fe[N(SiMe3)2]2}2 in C1C4ImNTf2 under 0.4MPa of H2 at 100oC for 4 h. 
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iii. Characterization of Fe-NPs 

Interestingly enough, HRTEM analysis suggested that these NPs are matching perfectly 

with Fe(0) possessing a fcc structure with a lattice parameter of 3.52Å (Figure 87). It is worth 

mentioning that the coexistence of Fe2O3-NPs with a tetragonal structure was also observed 

by HRTEM (Figure 88). These results are quite surprising as compared to the results from 

Fe(COT)2. Basically, Fe(COT)2 is more stable towards oxidation and decomposition as 

compared to the extremely air sensitive {Fe[N(SiMe3)2]2}2. Therefore, the formation of Fe(0)-

NPs expected to be more probable with Fe(COT)2 rather than {Fe[N(SiMe3)2]2}2. The fact 

that Fe(0)-NPs were observed in the latter case should be attributed to the amine byproduct, 

(Me3Si)2NH, that could act as a ligand to stabilize the formed NPs, as previously reported by 

Lacroix, et. al.153 In the same time, this compound would partially prevent the Fe-NPs 

oxidation.  

 

Figure 87 : (a) Exemplary HRTEM image of Fe-NPs generated by the decomposition of {Fe[N(SiMe3)2]2}2 in 
C1C4ImNTf2 under 0.4MPa of H2 for 4h, 100°C and (b) FFT of the particle in the white square indexed by a fcc 
structure along the (001) zone axis with a lattice parameter of 3.52Å corresponding to fcc Fe. 
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Figure 88 : (a) HRTEM image of Fe2O3-NPs coexisting with the Fe-NPs from Figure 87 and (b) FFT of the 
particle in the white square indexed by a tetragonal Fe2O3 structure along the (10 14 -3) zone axis. 

In light of the previous findings, the study was extended to include the different 

parameters affecting the size of formed Fe-NPs. An important factor that was identified is the 

initial concentration of the precursor. Increasing the concentration to the double (5x10-2 

mol.L-1) resulted in smaller NPs (2.9±0.2 nm). This is probably due to the faster nucleation 

kinetics.182 Furthermore, as for Co-NPs, the decomposition temperature was found to affect 

the NP size (Table 10). The Fe-NPs size increased upon increasing the temperature. This 

could be related to the evaporation of (Me3Si)2NH (b.p. 126°C) limiting its stabilization 

effect, vide supra.   

Table 10 : Variation of Fe NPs size with the reaction temperature 

Concentration 
(mol.L-1) IL Temperature Pressure Duration Color after 

reaction 
NP size 

(nm) 

5 x 10-2  C1C4ImNTf2 65oC 0.4 MPa 4 h Brown 2.8±0.2 

5 x 10-2  C1C4ImNTf2 100oC 0.4 MPa 4 h Black  2.9±0.2 

5 x 10-2  C1C4ImNTf2 150oC 0.4 MPa 4 h Black  3.9±0.3 

 

-21-2
-42-4

2-124-24

3 0 10 118
-126 -334

-3 0 -10-1-1-81-2-6
3-3-4

(a) (b)



129 

 

As a conclusion, the decomposition of {Fe[N(SiMe3)2]2}2 by H2 in C1C4ImNTf2 was 

studied under different conditions. In all cases, small NPs were obtained with the formation of 

(Me3Si)2NH as the main byproduct. Both the precursor concentration and the reaction 

temperature were found to affect the size of resulting NPs. HRTEM analysis of the resulting 

NPs evidenced the formation of metallic fcc Fe(0)-NPs together with the coexistence of other 

NPs with a tetragonal structure characteristic for Fe2O3. Further characterizations are still 

required to consolidate these conclusions.  

III.V. Conclusion 

For the synthesis of Fe-NPs, two OM precursors were evaluated, Fe(COT)2 and 

{Fe[N(SiMe3)2]2}2. Thermal decomposition studies combined with GC analysis showed that 

both of them can decompose under H2 at moderate temperatures in ILs. In both cases, small 

NPs (<5 nm) were obtained with a narrow size distribution. 

Some NPs formed from Fe(COT)2 were analyzed by HRTEM. Their structure was found 

to match with a tetragonal lattice of a = 6.8 Å, c = 6.1 Å that did not correspond to any of the 

known structures of iron or its compounds. One possible hypothesis is that these are metallic 

Fe-NPs but they possess an uncommon, non-compact form of Fe that resembles the ε-Co 

structure, which is not documented in crystallographic databases. Additionally, the nature of 

the anion was found to influence the size of the NPs, which was 4.5 ± 0.4 nm in 

C1C2ImB(CN)4 and 5.5 ± 0.4 nm in C1C2ImFAP, against 11.6 ± 0.8 nm in C1C2ImNTf2.  

In the case of {Fe[N(SiMe3)2]2}2, some Fe(0)-NPs were detected in HRTEM with a cubic 

structure with the lattice parameter matching with the fcc form of Fe(0). However, some NPs 

were oxidized with a Fe2O3 structure. This partial oxidation should be attributed to the 

residual water confined in the IL structure. The fact that Fe(0)-NPs were observed with this 

precursor could be related to the formation of the amine byproduct, (Me3Si)2NH, acting as a 

ligand to stabilize the Fe(0)-NPs avoiding their oxidation. 

For both precursors, additional characterizations are necessary to definitely conclude 

about the structure (WAXS, Mossbauer spectroscopy) and the magnetic properties (SQUID) 

of these NPs. 
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IV.I. Synthesis of NPs 

i. Materials 
All operations have been performed in the strict absence of oxygen and water under a 

purified argon atmosphere using glove box (MBraun) or vacuum-line techniques. Distilled 

water, freshly distilled toluene (> 99 %, Sigma Aldrich) and freshly distilled dichloromethane 

(> 99 %, Sigma Aldrich) were used for purification of ILs. Tetramethyltin (95%, Sigma 

Aldrich), 1-Butyl-3-methylimidazolium chloride [C1C4ImCl], Bis(trifluoromethane)-

sulfonimide lithium [LiNTf2] (CAS No. 90076-65-6, Solvionic),  

(η4-1,5-cyclooctadiene)(η6- 1,3,5-cyclooctatriene)ruthenium(0), Ru(COD)(COT), 

(η4-1,5-cyclooctadiene)(η3-cyclooctadienyl)cobalt(I) and bis(cyclooctatetraene)iron Fe(COT)2  

(Nanomeps and Aldrich), were kept in a glove box and used as received. For 

{Fe[N(SiMe3)2]2}2, was prepared by K. Soussi, and it was received as a dark green solution 

in pentane. Bis(dibenzylideneacetone)platinium(0) Pt(dba)2 was prepared in the laboratory as 

described in reference 183. 

ii. NMR spectroscopy 

Solution NMR spectra were recorded on Bruker Avance 300 MHz spectrometer for 1H 

and 13C.  

iii. GC analysis 

The products were quantitatively analyzed by gas chromatography on a P6890 

chromatograph equipped with a flame ionization detector (FID) and an Al2O3/KCl column (L 

=50 m, φint = 0.32 mm, film thickness = 5 μm). The injector and detector temperature was 

230° C, and the injection volume was 1 μL. The temperature was fixed at 190° C. 

iv. Synthesis of ionic liquids 

1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide [C1C4Im NTf2] was 

prepared from the corresponding chloride salt. First, 70 g of 1- butyl-3-methylimidazolium 

chloride, [C1C4ImCl], were dissolved in 100 mL distilled water. Into this solution, a solution 

of 1.1 equivalent of bis(trifluoromethane)sulfonimide lithium [LiNTf2] (CAS No. 90076-65-

6) in 100  mL of distilled water, was added. The mixture was stirred overnight at room 

temperature to allow the exchange of chloride anion with the -NTf2 anion. The lower phase 

was then collected and washed repeatedly with water until no chloride traces remained in the 
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washing (silver nitrate was used to test the presence of chloride). Dichloromethane was then 

added into the mixture in order to facilitate liquid-liquid separation.  After evaporation of 

dichloromethane , activated charcoal was  added, stirred for 10 minutes and then filtered off 

through a short neutral alumina column (alumina was dried overnight in oven at 110 °C), in 

order to obtain a colorless liquid. [C1C4Im NTf2] was dried under 10-2 bar for 8 h, then 

overnight under high vacuum (10-5 mbar) and stored inside the glove box under argon. 

1H-NMR (CD2Cl2): δ (ppm) : 8.66 (s, 1H, C2H); 7.29 (d, 1H, C4H); 7.27 (d, 1H, C5H; 4.17 

(t, 2H, NCH2); 3.93 (s, 3H, NCH3); 1.86 (qt, 2H, CH2CH2CH2); 1.37 (st, 2H, CH2CH2CH3); 

0.97 (t, 3H, CH2CH3). 

13C-NMR (CD2Cl2) : δ(ppm) : 136.10 (C2H); 124.05 (C4H); 122.70 (C5H); 118.07 (CF3); 

50.34 (NCH2); 36.66 (NCH3); 32.22 (CH2CH2CH2); 19.66 (CH2CH2CH3); 13.34 (CH2CH3).  

Electrospray HR-Mass spectrometry, MS (+ve): m/z 139.12 (100% - C1C4Im+) , MS (-ve): 

m/z 279.92 (100% - NTf2) 

v. Thermal analysis 

a. Insitu drift analysis of pure solid 

 For diffuse reflectance infrared Fourier transform spectroscopy (DRIFT) analysis, an 

exact weight of the precursor (10-15 mg) was first weighed in an aluminum crucible and 

transferred in a Harrick high temperature cell that was tightly closed under argon inside the 

glove box and then fixed into a Thermo Scientific Nicolet 6700 FT-IR equipment. The sample 

was initially purged for 20 min under 20 mL.min-1 of argon. It was then put under 0.4MPa of 

H2 gas (purging at 2mL/min flow rate) and heated up at 1oC/min heating rate till 150oC. It was 

then kept at this temperature for 6h to insure complete decomposition. An IR spectrum was 

recorded every minute to follow up the decomposition of the precursor.  Every 30 min, a 

gaseous injection is induced into a 20 m CP-PoraBOND Q column to separate the products 

that were then analyzed using a GC-MS (Agilent GC 6850 MS 5975C). 

b. Thermal decomposition analysis in IL 

The OM precursor was first dissolved in 2.5 mL IL in a Schlenk tube upon stirring for 

45min under argon to give a concentration of 5 x 10-2 mol.L-1. 2 mL of this solution were 
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cannuled into a metallic autoclave kept under argon flow. The autoclave was then heated up 

under argon flow until the selected temperature was reached. 0.4MPa of H2 were then applied. 

The H2 pressure was kept constant through H2 flow rate of 2mL.min-1. Every 20 min, a 

gaseous injection was induced into a 20 m CP-PoraBOND Q column to separate the products 

that were then analyzed using an online GC-MS (Agilent GC 6850 MS 5975C).  

c. Thermogravimetric analysis  

Thermogravimetric Analysis (TGA) was performed using a Mettler Toledo TGA DSC1. 

The instrument was calibrated using indium, zinc and aluminum samples. First, an exact 

amount of the compound (7-10 mg) was weighed in a 100μL aluminum pan that was then 

sealed inside an Ar-filled glove box. The sample was then heated under an argon flow of 

30 mL.min-1. Dynamic TGA experiments were performed using a temperature increase from 

25 to 500oC at temperature ramp rate of 5oC.min-1. The start temperature (Tstart) was 

determined from the first derivative of the weight loss vs time curve │dw/dT│and was 

defined as the temperature at which │dw/dT│is larger than 10-4 mg.s-1. Each experiment was 

performed twice and upon subtraction from an argon background. 

vi. Synthesis of monometallic NPs 
 

a. General procedure for Co-NPs 

 Co(COD)(COE) was weighed in a clean dry Schlenk tube in the glove box, 

dissolved in 0.1 mL of pentane (degased through 3 cycles of vacuum-argon) and stirred 

for 10  min. C1C4Im NTf2 ( 2.5 mL) were added. The mixture was kept under stirring 

at room temperature until complete dissolution affording a dark brown solution. 2 mL 

of this organometallic solution were canuled into an autoclave under argon. At this 

step, the reaction medium was warmed to the desired temperature without stirring. 

After gas purge, the autoclave was pressurized at 0.4 MPa of H2 during 10 min and 

kept at the selected temperature (100 and 150 °C) during 0.5, 1, 2, 4 and 24h. Then, the 

resulting dark suspension was placed under vacuum to eliminate the volatile by-

products (mainly cyclooctane) and stored under argon in a glove box. 

In some cases, the cyclooctane was condensed at -198°C in order to determine its amount 

by GC to get an idea about the degree of conversion of the OM precursor. 
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Under the selected standard conditions (0.4MPa H2, 100°C, 4h), Co-NP mean size was  

4.1 0.4 nm corresponding to  ~ 2900 Co  atoms per NP with~ 800  Cosurf. atoms, i.e. a 

dispersion of  0.29. The Co-NPs concentration in this case was 1.74x10-5 mol.L-1. 

b. Fe-NPs 

 Following the same procedure than for Co-NPs, Fe-NPs were  synthetized from: 

 Fe(COD)2, 13.2mg (0.05 mmol) in C1C4Im NTf2 (2 mL) under H2 pressure of 

0.4MPa at  150 °C  during 48h. 

 {Fe[N(SiMe3)2]2}2,  97.5mg (0.129 mmol) in C1C4Im NTf2 (2 mL) under H2 

pressure of 0.4MPa at 65, 100 and 150°C during 4h 

 

vii. Synthesis of bimetallic NPs 

a. CoRu-NPs 

CoRu-NPs were prepared through the decomposition of Co(COD)(COE) and 

Ru(COD)(COT) metal precursors in C1C4ImNTf2 under 0.4MPa H2. The CoRu NPs with a 

cobalt molar ratio, χCo = 1; 0.9; 0.75; 0.5; 0.25; 0.1; 0, were generated through two 

approaches: 

 A one-pot synthesis in which, initial solutions of 0.05 mol.L-1 concentration of 

the separate metal precursors were prepared in C1C4ImNTf2. In a glass autoclave, 

diverse volumes of these solutions were mixed to fix the selected χCo value, the total 

liquid volume at 2 mL, and the total metal concentration at 0.05 mol.L-1. Then the 

mixture was kept under 0.4 MPa of H2 at 100°C for 4 h. At the end of the reaction, the 

resulting dark suspension was placed under vacuum to eliminate the volatile by-

products and stored under argon in a glove box. 

 The successive decomposition of 2 metal precursors approach in which, two separate 

metal NPs suspensions of either Co-NPs or Ru-NPs were first prepared as in paragraph vi-a. 

The suspensions were cooled down to room temperature under argon flushing for 15 minutes. 

To these suspensions, either 1 mL of an equimolar solution of Ru(COD)(COT) or 1 mL of an 

equimolar solution of Co(COD)(COE) were added respectively. Each solution was kept for 

24h under argon at room temperature. The resulting solutions containing Co@Ru [resp. 
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Ru@Co] NPs were then put under vacuum for 10 min to remove volatile byproducts and 

stored under argon inside the glove box. 

b. CoPt-NPs 

CoPt-NPs were prepared through the simultaneous decomposition of Co(COD)(COE) 

and Pt(dba)2 metal precursors in C1C4ImNTf2 under 0.9MPa H2 at 150°C for 24h. To obtain 

diverse Co molar ratio (χCo = 1; 0.95; 0.85; 0.75; 0.5; 0.25; 0.1; 0), the initial solutions of 

separate metal precursors in 0.05 mol.L-1concentration were prepared in C1C4ImNTf2. 

Adjusted volumes of these solutions were mixed in an autoclave in order to fix the total 

volume at 2 mL and the total metal concentration at 0.05 mol.L-1, whatever was the χCo value. 

The resulting black solution was cooled down to room temperature, kept under vacuum for 10 

min to remove volatile byproducts and stored under argon in the glove box. 

IV.II. Determination of hydrides onto the surface of Co-NPs 

i. Reaction with SnMe4  

Freshly prepared Co-NPs in C1C4ImNTf2 were kept under Ar purging for 15 min to 

remove volatile byproducts and H2 atmosphere. Then, SnMe4 (0.7 mol.L-1) was added to the 

Co-NPs suspension, immediately the formation of bubbles was observed. The system was 

stirred 24 h under static Ar at 50oC. At the end, all volatile byproducts were collected under 

vacuum in a flask cooled by liquid N2. In three gaseous aliquots of 300 μL analyzed by GC, 

methane was present. Using calibration curves, the average amount of evolved methane was 

found equal to 3.65 x 10-7 mole per aliquot i.e. a total methane concentration of 1.83x10-

 4 mole.L-1i.e. a ratio surface hydride/ cobalt surface [Hsurf.]/[Cosurf.] of 0.01. 

ii. Hydrogenation of ethylene by Co-NPs in the IL 

A 2 mL sample of the Co-NPs solution in the IL was introduced under argon into a 

Schlenk of known volume. The system was kept under flow of argon for 24h. The Ar was 

replaced by ethylene (P initial = 11.4 KPa) . The media was stirred at room temperature until 

the internal pressure become constant~24 h. A decrease of the internal pressure was observed, 

and the composition of the gas phase was analyzed by GC. Then PH2 of 11.6 KPa was applied 

and the temperature increased to 100 °C till a constant internal pressure was maintained 

(23 h). At the end, the composition of the gas phase was again analyzed by GC. From this 

experiment, the total number of moles of H was found to be 6.82 x 10-7 moles/2 mL 

corresponding to a concentration of [Hsurf.] equal to 1.65x 10-4 mol.L-1 
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IV.III. Catalytic hydrogenation of cyclohexadiene 

0.5 mL of Co-NP, Pt-NP and CoPt-NP suspensions in C1C4ImNTf2 with (χCo = 1; 0.95; 

0.85; 0.75; 0.5; 0.25; 0.1; 0), were tested as catalyst for the hydrogenation of cyclohexadiene 

under PH2 of 0.12 MPa.  For Co-NPs, the mean size was 4.3 nm affording a concentration of 

Cosurf. atoms of 0.013 mol.L-1. For the CoPt-NPs with a mean size of 3.0 nm, the 

concentration of (CoPt)surf. atoms was 0.020mol.L-1 while for pure Pt-NPs with a mean size of 

2.5 nm, the concentration of Ptsurf. was 0.022 mol.L-1. To obtain the same amount of Msurf. for 

all the tested catalysts, the added quantity of IL was adapted in order to get the same Msurf. 

concentration in the same total volume of IL. Following this procedure, for each experiment 

there was a total volume of 0.5 mL with a surface metal concentration of 1.3 x10-2 mol.L-1 

and, 63μL of cyclohexadiene (CYD) were added, i.e. a ratio CYD / Msurf. equal to 100. 

In a Schlenk tube, the solution was stirred 12 h, under Ar, to insure homogeneity and then 

put under vacuum for 30  min, 30°C, at this time, H2 (0.12 MPa) was applied. The reaction 

was stopped after 30 minutes and 10 mL of acetonitrile (containing 1 mol.L-1 of toluene as 

internal reference for GC) were added. 1 μL of this solution was analyzed in GC. For high 

accuracy, blank samples are also considered for GC analysis. These blank samples were 

containing either the same components but without NPs (63μL cyclohexadiene + 0.5 mL pure 

IL + toluene/acetonitrile solution), or 63μL cyclohexadiene + 1 eq of cyclohexane in the same 

solution environment. 

IV.IV. Transmission electron microscopy (TEM) / High resolution 
transmission electron microscopy (HRTEM) 

All samples were analyzed by transmission electron microscopy (TEM) using a MET 

JEOL 2100FEF (field effect gun energy filtering) microscope at the “Centre Technologiques 

des Microstructures”, CTμ, Villeurbanne, France. 

The analysis was performed in the IL media. First, a thin film of NPs suspension in IL 

was deposited on a copper mesh 200 grid coated with a layer of formvar/carbon. The grid was 

then dried gently with a filter paper. The liquid films were observed using an acceleration 

voltage of 200 kV. Size histograms and average size were determined by measuring the 

diameter of minimum of 200 particles per sample. Their size distribution was fitted by a 

lognormal law, and is described with the following notation: mean size [lower limit; upper 
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limit] nm, where upper and lower limits correspond to plus and minus two standard deviations 

of the lognormal fit, respectively. 

High resolution transmission electron microscopy, HRTEM, analysis coupled with 

electron dispersive X-Ray analysis, EDX, was also performed on some NPs using the same 

microscope. Subsequently, the HRTEM images and their crystal structure were determined 

from the diffraction pattern seen in the Fourier Transform images. 

IV.V.Wide angle X-ray scattering (WAXS): 

X-ray techniques are the most valuable methods to characterize crystalline materials. For 

example, X-Ray powder diffraction, XRD, allows the phase analysis, the lattice parameters 

and substance identification by comparison with reference compounds in databases, such as 

JCPDS or ICSD. The principle of X-ray diffraction is based on the irradiation of a crystalline 

powder sample by monochromatic X-ray photons and the subsequent elastic scattering of the 

photons by atoms in a periodic lattice. The scattered photons exhibit a constructive 

interference (Figure 89). The angles, under which the photons leave the crystal, are 

characteristic for each crystal lattice plane. This dependence is described by Bragg’s Law:  

λ = 2  d sin(θ) 

Where λ is the wavelength of the X-ray photons, d is the distance between two lattice 

planes of the same orientation in the crystal, and θ is the angle between the reflected X-ray 

and the lattice plane. 

 

Figure 89 : Schematic illustration of the diffraction of X rays on a lattice plane of a crystalline material (left), 
and illustration of the scattering vector in the reciprocal space (right).  
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However, with decreasing crystallite size, e.g. in nanoparticles, the reflections become 

broader and if the crystallites become too small, they have no long-range order, and must be 

regarded as either amorphous or nanocrystalline. Consequently, the X-rays are not diffracted 

in phase, and there is no constructive periodic interference of the reflected X-rays, but rather a 

diffuse scattering in all directions of space.  

Thus, the XRD pattern of such a sample would exhibit no reflections at all. For that 

reason, the wide angle X-ray scattering measurement technique can be employed to examine 

the structure of such materials with a crystallite size of less than 4 nm. The radius of the 

Ewald sphere of diffracted or scattered photons, respectively, is in reciprocal relationship to 

the irradiated X-ray wavelength (Figure 89, right). Thus, the samples are typically irradiated 

with photons of lower wavelengths, e.g. Mo-Kα or synchrotron radiation, which causes a 

better resolution of scattering signals at low θ angles, which contain substantial structural 

information on the sample. In WAXS measurements, the scattered photons are detected in 

dependence of the scattering vector S: 

 

The detector moves in equidistant S steps (unit: nm-1) in the reciprocal space to collect all 

scattered X-rays. The resulting scattering diagram in the reciprocal space, where the scattering 

vector is plotted against the intensity of the scattered X-rays, is equivalent to a diffraction 

pattern and can be converted to 2θ. If the particles are nanocrystalline, this pattern can already 

be used for a pattern structure search, as it is common in XRD data evaluation. For an 

extraction of structural information such as particle size, the crystal lattice and atom-atom 

distances, the scattering contribution of the glass of the capillary, of other components within 

the sample (e.g. a polymer-, framework- or mesoporous matrix, or a colloid surfactant, in 

which the nanoparticle are embedded), and fluorescence, cannot be neglected and must be 

subtracted from the total scattering intensity. After the data reduction steps, the reduced 

intensity function  is obtained, which contains the interatomic distances in the sample. By 

Fourier transformation of , the Radial Distribution Function (RDF) is obtained, i.e. 

the occurrence diagram of the interatomic distances inside the nanoparticle.  
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The obtained RDF exhibit a set of local maximums, which correspond to the metal-metal 

distances in the nano-crystallite. The coherence length of the RDF gives information about the 

particle size. The extracted RDF can be used for an identification of the sample by 

comparison with the calculated RDF of a reference sample. 

In this work, the WAXS measurements were performed by Dr. Pierre Lecante at the 

Centre d’Elaboration des Matériaux et d’Etudes Structurales, CNRS, Toulouse. The samples 

were prepared in the glovebox in quartz capillaries (diameter 1.5 mm) irradiated with graphite 

monochromated Mo-Kα-radiation (0.71069 Å), using a two-axis diffractometer. The data 

collection time was 20 h for a set of 457 measurements in the range of 0° < θ < 65°, for 

equidistant S values. 

IV.VI. Anomalous Small Angle X-ray Scattering (ASAXS) 

ASAXS measurements for Co-Ru and Co-Pt NPs suspended in [C1C4Im][NTf2] ionic 

liquid were performed below the Ru-K edge (22.117keV) and the Pt-LIII edge (11.564 keV) 

on the CRG-BM02 beamline of the synchrotron at the ESRF in Grenoble. Samples with 

different compositions were compared; χCo = 1; 0.9; 0.75; 0.5; 0.25; 0.1; 0 for CoRu-NPs and 

χCo = 1; 0.95; 0.85; 0.75; 0.5; 0.25; 0.1; 0 for CoPt NPs, as well as a blank sample of neat 

C1C4ImNTf2. These NPs suspensions were contained in quartz capillaries of 1.5mm diameter 

and 10 cm length with wall thickness of 10 μm. The capillaries sealed under argon were 

mounted perpendicularly on a multiple sample holder (Figure 90).  

Accurate positioning of capillaries in the beam was ensured by two stepping 

motors(Y,Z). A distance of 1360 mm (for Ru edge, 810 mm for Pt edge) between the sample 

and CCD camera allows us to measure up to the first peak of the IL structure factor. The size 

of the beam focused on the CCD camera was 326 μm high and 239 μm wide for Ru-edge 

measurements and 312 μm by 325 μm for Pt edge measurements. The ASAXS set-up was 

under primary vacuum excepted around the sample holder. The tubes before and after the 

sample holder were closed by mica windows which produce negligible scattering compared to 

kapton foils. A photomultiplier (PM) with a removable kapton foil was mounted after the 
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samples for sample alignment and transmission measurements. The direct beam was stopped 

by a Pb disk of 2 mm diameter centered on a kapton foil placed inside the beam-stop chamber 

just before the CCD camera. 

Five energy values were considered for Ru-K edge measurements (21.6; 21.94; 22.05; 

22.089; 22.106 KeV) while for the Pt-LIII measurements, the energy values used were 11.34; 

11.434; 11.494; 11.529; 11.547; 11.556 KeV. 

 

Figure 90 : Sealed capillaries in a multiple sample holder for ASAXS experiment. 

IV.VII. Magnetic measurement (SQUID) 

SQUID (Superconduc1ing QUantum Interference Device) is the main component of 

Quantum Design's Magnetic Property Measurement System (MPMS) which is a highly 

integrated instrument system, designed to study the magnetism in matter. The magnetic 

signature of a material reflects its intrinsic spin and orbital angular momentum. 
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The principal components of this measurement system are: 

  Temperature Control System: Precisely control the sample temperature from 2 K to 

400 K.  

 Magnet Control System: Current from a power supply is set to provide magnetic fields 

from zero to ± 7 tesla.  

 Superconducting SQUID amplifier system: The rf SQUID detector is the heart of the 

magnetic moment detection system. 

 Sample Handling System. 

 Computer Operating System. 

A SQUID is the most sensitive device available for measuring magnetic fields, and, 

although the SQUID in the MPMS is the source of the instrument's remarkable sensitivity, it 

does not detect directly the magnetic field from the sample. Instead, the sample moves 

through a system of superconducting detection coils which are connected to the SQUID with 

superconducting wires, allowing the current from the detection coils to inductively couple to 

the SQUID sensor. When properly configured, the SQUID electronics produces an output 

voltage which is strictly proportional to the current flowing in the SQUID input coil. Hence, 

the thin film SQUID device essentially functions as an extremely sensitive current-voltage 

convertor. 

A measurement is performed in the MPMS by moving a sample through the 

superconducting detection coils, which are located outside the sample chamber and at the 

center of the magnet (Figure 91). As the sample moves through the coils, the magnetic 

moment of the sample induces an electric current in the detection coils. Because the detection 

coils, the connecting wires, and the SQUID input coil form a closed superconducting loop, 

any change of magnetic flux in the detection coils produces a change in the persistent current 

in the detection circuit, which is proportional to the change in magnetic flux. Since the 

SQUID functions as a highly linear current-voltage convertor, the variations in the current in 

the detection coils cause corresponding variations in the SQUID output voltage which is 

proportional to the magnetic moment of the sample. In a fully calibrated system, 

measurements of the voltage variations from the SQUID detector as the sample is moved 

through the detection coils provide a highly accurate measurement of the sample's magnetic 
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moment. The system can be accurately calibrated using a small piece of material of known 

mass and magnetic susceptibility. 

 

Figure 91 : Graphical illustration for SQUID measurements. 
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Conclusion and outlook 
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I. Synthesis of monometallic NPs in ILs 

i. Synthesis of Co-NPs 
Based on a detailed bibliographic study, several OM precursors have been identified. 

Among them, (1,5-cyclooctadiene)(cyclooctadienyl)Cobalt (I), Co(COD)(COE) has been 

verified to satisfy the various criteria for the synthesis of Co-NPs: 

 It has good solubility in ILs. 

 Its decomposition temperature is less than 100 ° C. 

 The main byproduct of the reaction is cyclooctane, a volatile compound readily 

removed under vacuum. 

To validate the last two points, a complete study was carried out by TGA, DRIFT and 

GC-mass.  

Co-NPs were accessible through the decomposition reaction of this OM under H2. Their 

size could be tuned by varying the experimental conditions. For example, by increasing the 

reaction temperature from 65°C to 100°C and then to 150°C, the size of the Co-NPs increased 

from 3.6 ± 0.4 nm to 4.1 ± 0.4 nm then to 7.0 ± 0.8 nm, respectively. The Co-NPs formed 

clusters, indicating that they were interacting (Figure 92). It is interesting to note that in an IL 

in which the imidazolium cation has a longer alkyl chain, C1C14ImNTf2, the distance between 

adjacent NPs was larger. 

 
Figure 92 : TEM images for Co-NPs generated at 100oC, 0.4 M Pa of H2 in (a) C1C4ImNTf2, (b) C1C14ImNTf2. 
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The structure of these NPs has been studied by HRTEM and WAXS. These two 

techniques showed that the Co-NPs consisted of a meta-stable allotrope of Co(0) called ε-Co. 

This cubic structure is not compact and gradually evolved into the stable hcp structure (Figure 

93). 

 

Figure 93 : (a) Scattering curves and (b) corresponding radial distribution functions (RDF) of Co-NPs as-
prepared in C1C4ImNTf2 and in C1C12ImNTf2, and after decantation over a magnet in C1C4ImNTf2. 

The magnetic properties of Co-NPs were measured by SQUID. The magnetization curves 

confirmed that the NPs were as expected, not oxidized and superparamagnetic at room 

temperature (Figure 94). Their size estimated by a Langevin fit matched well with that 

measured in the TEM. 

The blocking temperature was also measured by the FC-ZFC technique (it corresponds to 

the maximum of the ZFC curve, Figure 95). This temperature was 7 K for Co-NPs 

synthesized in the C1C4ImNTf2, while it reached 160 K in the case of C1C14ImNTf2. This 

difference was attributed to an anisotropy difference which probably originated from a dipole 

coupling of the NPs. However, this interpretation leads to the conclusion that this coupling 

was more pronounced in the C1C14ImNTf2, which is surprising because in this IL, Co-NPs 

were more distant from each other (see Figure 92-b). 
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Figure 94 : Magnetization curves at 250K of CoNPs synthesized in (a) C1C4ImNTf2 and (b) C1C14ImNTf2. 

 
Figure 95 : FC-ZFC curves of Co-NPs synthesized in (a) C1C4ImNTf2 and (b) C1C14ImNTf2 recorded at 50 Oe. 

Finally, a new synthetic approach for Co-NPs was investigated, in which, H2 was 

replaced by a liquid reducing agent, (C2H5)3SiH. This new method also made it possible to 

obtain small and monodisperse Co-NPs, whose structural and magnetic characterization is in 

progress. 

ii. Synthesis of Fe-NPs 
For the synthesis of Fe-NPs, two OM precursors were evaluated, Fe(COT)2 and 

{Fe[N(SiMe3)2]2}2. These two compounds were decomposed under H2 in C1C4ImNTf2. In 

both cases, small NPs (<5 nm) were obtained with a narrow size distribution. 
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Some NPs formed from Fe(COT)2 were analyzed by HRTEM. Their structure was found 

to match with a tetragonal lattice of a = 6.8 Å, c = 6.1 Å that was not corresponding to any of 

the known structures of iron and its compounds. One possible hypothesis is that they were 

metallic Fe-NPs but with an uncommon, non-compact form of Fe, that resembles the ε-Co 

structure. Additionally, the nature of the anion was found to influence the size of NPs, which 

was 4.5 ± 0.4 nm in C1C2ImB(CN)4 and 5.5 ± 0.4 nm in C1C2ImFAP, against 11.6 ± 0.8 nm in 

C1C2ImNTf2. 

In the case of {Fe[N(SiMe3)2]2}2, some NPs observed in HRTEM had a cubic structure 

with the lattice parameter matching with the fcc form of Fe(0). However, some NPs had a 

structure assigned to Fe2O3. This partial oxidation could be explained by the presence of 

residual water in the IL. The fact that Fe(0)-NPs were observed with this precursor could be 

related to the formation of the amine byproduct, (Me3Si)2NH, that could act as a ligand to 

stabilize the formed NPs and to partially protect them against oxidation. 

For both precursors, additional characterizations are necessary to definitely conclude 

about the structure (WAXS, Mossbauer spectroscopy) and the magnetic properties (SQUID) 

of these NPs. 

II. Synthesis of bimetallic NPs in ILs 

i. Surface chemistry of Co-NPs 

The successive or simultaneous decomposition of two OM precursors in an IL may lead 

to the formation of bimetallic NPs even in the case of immiscible metals. This is in particular 

possible when the intermediate monometallic NPs have hydrides on their surface.27 For this 

reason, the first step towards the synthesis of bimetallic NPs containing Co was to investigate 

the existence of such hydrides on the surface of Co-NPs. 

A first experiment was conducted, which consisted in exposing tetramethyltin to a freshly 

prepared suspension of Co-NPs in C1C4ImNTf2 under Ar. The presence of methane in the 

gaseous atmosphere was detected and quantified by GC. This methane production was 

attributed to the presence of surface hydrides on the Co-NPs. 
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In a second test, the catalytic properties of the Co-NPs with respect to ethylene 

hydrogenation were evaluated under Ar. Once again, a quantitative analysis of the gas phase 

revealed the formation of ethane, which results from the hydrogenation of ethylene by the 

surface hydrides of the Co-NPs. 

ii. Synthesis of CoRu-NPs 

Both experiments gave consistent results leading to an estimated total concentration of 

surface hydrides of 1.7-1.8  10 -4 mol. L-1. Even if this represents only a few at% of Co 

surface atoms, it was sufficient to initiate the deposition of Ru on the Co-NPs by adding Ru 

(COD) (COT) to the suspension. Indeed, TEM analysis showed a significant increase in the 

size of the NPs after the reaction.  

Similarly, a solution of Co(COD)(COE) reacted with a Ru-NPs suspension, which is 

known to have even more surface hydrides (Figure 96).90  

 

 Figure 96 : Size distribution for Ru-NPs obtained through the decomposition of Ru(COD)(COT) under 0.4 MPa 

H2, 100°C, 4 h, in C1C4ImNTf2, before (left) and after (right) exposure to an equimolar solution of 

Co(COD)(COE) for 24 h at room temperature under Ar. 
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These two reactions are therefore supposed to have afforded core@shell NPs of Co@Ru 

and Ru@Co respectively. To confirm this structure, suspensions were analyzed by anomalous 

SAXS (ASAXS) in the ESRF. However, due to the presence of an interference arising from 

the interaction between agglomerated NPs, the elucidation of the internal structure of the NPs 

by the anomalous effect is more complex than in previous systems such as RuCu. Therefore, 

this work is still under progress. 

In a final approach, the synthesis of CoRu-NPs was attempted by simultaneous 

decomposition of the two precursors in solution (one pot synthesis). Different Co/Ru ratios 

were tested, while fixing the total metal content. In all cases, monodispersed suspensions were 

obtained, some with smaller size than pure metals. This behavior, which has been observed in 

other bimetallic systems, is a good indication for the formation of bimetallic NPs rather than 

the separate precipitation of the two metals. 

iii. Synthesis of CoPt-NPs 

For the synthesis of CoPt-NPs, the Pt precursor used was Pt(dba)2, a Pt(0) precursor that is 

easier to decompose than other Pt(II)  precursors (eg, PtMe2COD). Initially, a two-step 

synthesis was attempted by adding a solution of Pt(dba)2 in C1C4ImNTf2 to a suspension of 

Co-NPs in the same IL. After 24 h under Ar, the TEM observations clearly showed the 

presence of two populations of NPs, one centered at 5 nm (size of the starting Co-NPs) and 

the other centered at 1 nm, which did not exist in the initial suspension. A STEM examination 

confirmed that the latter population corresponded to Pt-NPs. In contrary to the CoRu system, 

it seems that in this case, Pt did not associate with Co. Even though, the deposition of a small 

portion of the Pt on the Co-NPs cannot be excluded. 

To complete this study, a one-step synthesis was attempted. As for the CoRu system, 

different Co/Pt ratios were tested, while maintaining the total metal content constant. Unlike 

the two-step synthesis, monodispersed suspensions were obtained in all cases. Again, a 

monotonic variation in the size of the NPs against the metal composition was observed. For 

some bimetallic suspensions, the NP size was smaller than that of the pure metals (Figure 97). 

This indicates that bimetallic NPs have been obtained. To verify this, suspensions were 

analyzed by ASAXS at the ESRF. The results are still being exploited, but preliminary results 

suggest that for equimolar CoPt-NPs, Pt would be preferentially distributed at the periphery of 

the NPs, as expected in a Co@Pt core@shell structure. To support this, these NPs have been 
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tested as catalysts for the hydrogenation of cyclohexadiene. These tests showed that the 

reactivity increased sharply with the Pt content up to ΧPt = 0.5, then saturated. This could 

correspond to the formation of a complete shell of Pt around the cores of Co for ΧPt ≥ 0.5. 

 

Figure 97 : Size of CoxPt1-x NPs plotted as a function of the mole fraction of Pt (XPt) in the initial solution 

mixture. 

In final words, this work confirms that ILs are smart and versatile media for the synthesis 

of magnetic mono and bimetallic NPs with controlled size and structure. In this study, the 

synthesis of Co, CoRu and CoPt-NPs was successfully achieved. 

One important result in this work is the successful decomposition of Co(COD)(COE) into 

Co-NPs by the Si-H group in Et3SiH. This paves the way to an even more controllable 

synthesis of Co-NPs. This reaction could also be used to promote the deposition of Co-NPs on 

Si wafers treated for instance with HF (to introduce surface Si-H functional groups) by simple 

reaction with a solution of Co(COD)(COE) under inert atmosphere. 

However, this research also highlighted the recent challenges in determining the exact 

crystal structure of small NPs (<10nm). HRTEM analysis can be useful in a first approach, 

but WAXS has proven a more reliable tool. Indeed, while larger NP (or even bulk) structures 

are well represented in the literature, it sometimes lack the specific data for very small NPs, as 

in the case of the Fe-NPs generated from Fe(COT)2. 
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Another added challenge in case of magnetic NPs is the possible magnetic interaction 

between the NPs that resulted in some magnetic coupling as revealed in the SQUID 

measurement. Such interaction added some complexity for the ASAXS data fitting. 

It is important to first tackle these questions to then be able to tune the synthesis to foster 

the formation of specific well controlled bimetallic structures like, for instance, the ordered 

Co1Pt1 structure which is a very interesting material for hard memory storage applications or 

core@shell Co@M-NPs for catalytic and energy applications. 
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Résumé substantiel en français 

 
 
 
 
 
 
 

Mise au point d’un procédé de synthèse  
de nanoparticules métalliques magnétiques  

utilisant des liquides ioniques 
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I. Introduction 

i. Intérêt et applications des nanoparticules (NPs) magnétiques 

Les nanoparticules (NPs) métalliques constituent un domaine de recherche extrêmement 

actif car ces objets possèdent des propriétés électriques, optiques, thermiques et magnétiques 

inhabituelles sous l’effet combiné de phénomènes quantiques et du grand nombre d’atomes de 

surface. Pour cette raison, les NPs métalliques suscitent un grand intérêt pour divers domaines 

d’application. Généralement, ces applications nécessitent de fabriquer des NPs de petite taille 

(inférieure à 10 nm), avec un contrôle précis de leur taille, de leur composition et de leur 

morphologie, et ce en quantité significative.1 En particulier, les NPs de métaux magnétiques 

offrent de nombreux avantages dans une grande variété d’applications (Schéma 1).2 

 

Schéma 1 : Différents domaines d’application des NPs magnétiques 

Bien entendu, les NPs magnétiques peuvent être utilisées dans diverses applications 

technologiques telles que le stockage de données,3 la spintronique4 ou les fluides magnétiques 

(ferrofluides).5 Elles peuvent également être utilisées dans le domaine médical, en particulier 

dans les outils de diagnostic. Certaines sont de très bons agents de contraste en imagerie par 

résonance magnétique pour le diagnostic du cancer.6 Elles peuvent également traiter certaines 

formes de cette maladie par destruction thermique localisée de la tumeur sous l’effet d’une 

excitation par une champ magnétique alternatif de fréquence et d’amplitude adéquates.7 Une 

autre possibilité consiste à les utiliser comme vecteur d’un traitement ciblé de la tumeur.8 
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Par ailleurs, certaines NPs magnétiques telles que les Co-NPs sont très prometteuses dans 

le domaine de la catalyse.9 Par exemple, elles peuvent être utilisées dans le procédé de 

Fischer-Tropsch pour convertir CO et H2 en hydrocarbures liquides.10 Dans cette application, 

les Co-NPs ont montré une sélectivité accrue par rapport aux catalyseurs conventionnels 

concurrents. Un autre usage moins direct des NPs magnétiques en catalyse consiste à les 

utiliser en tant que support magnétique chimiquement inerte du catalyseur proprement dit. 

Elles facilitent alors le recyclage de ce dernier, car elles permettent de l’extraire facilement du 

milieu réactionnel par application d’un champ magnétique externe. Par exemple, un complexe 

de Mn(III) supporté sur des Co-NPs a été utilisé avec succès pour oxyder des alcools et des 

sulfures, puis recyclé avec un très bon rendement.11  

Pour la plupart de ces applications, de meilleures performances sont obtenues lorsque le 

métal magnétique (le cobalt par exemple) est allié avec un second métal. En effet,  cette 

association avec d’autres métaux tels que le platine ou le ruthénium modifie les propriétés 

physiques des NPs de manière bénéfique. Par exemple, le composé intermétallique ordonné 

CoPt est un excellent candidat pour les futurs dispositifs de stockage magnétique de données à 

très haute densité. En effet, ce composé possède une bonne stabilité chimique, une forte 

anisotropie magnétocristalline et un champ coercitif élevé, ce qui lui confère des propriétés 

d’aimant « dur » exceptionnelles.148, 149 D’autres NPs bimétalliques associant Co et Pt peuvent 

également être d’excellents catalyseurs pour les piles à combustible.14, 15, 16, 17, 18 De même, les 

CoRu-NPs sont des catalyseurs appliqués dans de nombreuses réactions telles que 

l’hydrogénation de CO par la réaction de Fischer-Tropsch,19 la réduction des nitroarenes20 ou 

l’électrocatalyse de la réduction de l’oxygène dans les piles à combustible.21 Dans tous ces 

exemples, l’association de Ru à Co améliore significativement les performances du 

catalyseur. 

II. Synthèse des NPs métalliques par voie chimique 

Pour la plupart de ces applications, des NPs monodisperses en taille sont nécessaires, 

dont le diamètre peut varier de quelques nm à quelques dizaines de nm. Les procédés 

chimiques en solution sont bien adaptés à la synthèse de tels objets, que ce soit à partir de sels 

métalliques ou de précurseurs organométalliques (OM).22, 23 Cependant, ces procédés 

nécessitent la mise en œuvre d’agents stabilisants, tels que des ligands ou des polymères, qui 

en se fixant à la surface des NPs permettent de limiter leur croissance (contrôler leur taille) et 
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de prévenir leur agglomération (stabiliser les suspensions). Or, dans de nombreuses 

applications, cette contamination de surface des NPs compromet leurs performances. 

Ces dernières années, il a été démontré que cette voie de synthèse peut être appliquée 

dans des solvants d’un genre particulier, les liquides ioniques (LIs). Dans ce cas, des NPs 

monodisperses et stables peuvent être obtenues directement, sans ajout d’un agent 

stabilisant.24 Les LIs sont des sels possédant un très bas point de fusion (typiquement inférieur 

à 100°C) et qui possèdent des propriétés uniques : ils ne s’évaporent pratiquement pas, sont 

chimiquement et thermiquement très stables et possèdent une conductivité électrique 

appréciable.25 Surtout, ils jouent également le rôle d’agents stabilisants durant la synthèse de 

NPs métalliques. Ils permettent ainsi d’obtenir des NPs de taille bien contrôlée, sans 

contaminer leur surface. 

Cette voie de synthèse a été particulièrement étudiée dans notre Laboratoire durant ces 

dernières années dans les LIs de la famille 1-butyl-3-alkyl-imidazolium 

bis(trifluoromethanesulphonyl)imide (C1CnImNTf2, Schéma 2).26 Elle a permis d’obtenir des 

NPs de nombreux métaux tels que Cu, Ru, Pt, Mn, Ni et même Ta. Il a également été 

démontré que des NPs bimétalliques de structure contrôlée peuvent être obtenues par cette 

voie.27 L’objectif de cette thèse est donc d’obtenir par ce procédé simple et relativement peu 

coûteux des NPs mono- et bimétalliques magnétiques à base de Co et de Fe, et de les 

caractériser sur le plan structural et magnétique. 

 

Schéma 2 : Formule développée des LIs 1-butyl-3-alkyl-imidazolium bis(trifluoromethanesulphonyl)imide 
(C1CnImNTf2) 

III. Synthèse de NPs monométalliques dans les LIs 

i. Synthèse de Co-NPs 

Sur la base d’une étude bibliographique la plus exhaustive possible, un précurseur OM a 

été identifié parmi plusieurs candidats, le (1,5-cyclooctadiene)(cyclooctadienyl) Cobalt(I), 
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Co(COD)(COE). Il a été vérifié que ce composé satisfait aux différents critères pour la 

synthèse des NPs : 

 Il possède une bonne solubilité dans les LIs, 

 Sa température de décomposition est inférieure à 100°C, 

 Le sous-produit de la réaction est le cyclo-octane, un composé volatil facilement 

éliminé dans la phase gazeuse. 

Pour valider ces deux derniers points, une étude complète a été menée par ATG, DRIFT 

et GC-masse. 

Cette réaction a permis de former des Co-NPs, dont la taille a pu être modifiée en variant 

les conditions expérimentales. Par exemple, en augmentant la température de réaction de 

65°C à 100°C puis à 150°C, la taille des Co-NPs a augmenté de 3,6±0,4 nm à 4,1±0,4 nm puis 

7,0±0,8 nm, respectivement. Les Co-NPs formaient des assemblées, ce qui indique qu’elles 

étaient en interaction (Figure 98). Il est intéressant de noter que dans un LI dont le cation 

imidazolium possède une chaîne alkyle longue, le C1C14ImNTf2, la distance séparant les NPs 

voisines était plus élevée. 

 

Figure 98 : images TEM de Co-NPs formées à 100°C, sous 0,4MPa de H2 dans (a) C1C4ImNTf2 et (b) 
C1C14ImNTf2. 
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La structure de ces NPs a été étudiée par HRTEM et par WAXS. Ces deux techniques ont 

montré que les Co-NPs étaient constituées d’un allotrope métastable de Co(0) appelé ε-Co. 

Cette structure cubique n’est pas compacte : les Co-NPs ont donc progressivement évolué 

vers la structure hcp, qui est l’allotrope stable de Co(0) (Figure 99). 

 

Figure 99 : (a) courbes de diffusion et (b) distributions radiales (RDF) correspondantes pour des Co-NPs 
préparées dans C1C4ImNTf2, dans C1C14ImNTf2 et après décantation sur un aimant dans C1C4ImNTf2. 

Les caractéristiques magnétiques des Co-NPs ont été mesurées au SQUID. Les courbes 

d’aimantation ont confirmé que les NPs étaient formées de Co(0). Ces NPs étaient, comme 

attendu, superparamagnétiques à température ambiante (Figure 100). Leur taille estimée par 

fit de Langevin correspondait bien à celle mesurée au TEM.  

La température de blocage a été également mesurée par la technique de FC-ZFC (elle 

correspond au maximum de la courbe ZFC, Figure 101). Cette température était de 7 K pour 

des Co-NPs synthétisées dans le C1C4ImNTf2, tandis qu’elle atteignait 160 K dans le 

C1C14ImNTf2. Cette différence a été attribuée à une différence d’anisotropie qui trouve 

probablement son origine dans un couplage dipolaire des NPs. Toutefois, cette interprétation 

conduit à conclure que ce couplage était plus prononcé dans le C1C14ImNTf2, ce qui est 
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surprenant car dans ce LI, les Co-NPs étaient plus éloignées les unes des autres (voir Figure 

98b). 

 

Figure 100 : Courbes d’aimantation à 250 K de Co-NPs synthétisées dans (a) C1C4ImNTf2 et (b) C1C14ImNTf2. 

 

Figure 101 : Courbes FC-ZFC de Co-NPs synthétisées dans (a) C1C4ImNTf2 et (b) C1C14ImNTf2. 

Enfin, une modification de la synthèse des Co-NPs a été étudiée, qui consiste à remplacer 

le H2 par un agent réducteur en solution dans le LI, Et3SiH. Cette variante du procédé a 

également permis d’obtenir des Co-NPs petites et monodisperses, dont la caractérisation 

structurale et magnétique est en cours. 

ii. Synthèse de Fe-NPs 

Pour la synthèse de Fe-NPs, deux précurseurs OM ont été évalués, Fe(COT)2 et 

{Fe[N(Me3Si)3]2}2. Ces deux composés ont pu être décomposés sous H2 dans le C1C4ImNTf2. 

Dans les deux cas, de petites NPs (< 5 nm) ont été obtenues avec une distribution de tailles 

resserrée. 
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Quelques NPs formées à partir de Fe(COT)2 ont été analysées par HRTEM. Elles étaient 

bien cristallisées, et leur structure correspondait à la maille tétragonale de Fe2O3. Ce résultat 

est surprenant, dans la mesure où toutes les synthèses ont été conduites à l’abri de l’air sous 

atmosphère inerte. L’anion NTf2, qui contient des atomes d’oxygène, n’est a priori pas 

responsable de cette oxydation, qui a également été observée pour des NPs synthétisées dans 

des LIs avec des anions différents : C1C2ImB(CN)4 et C1C2ImFAP. Il est en revanche possible 

que cette oxydation résulte de la présence d’eau résiduelle dans le LI. Dans tous les cas, il 

convient de noter que la nature de l’anion a influencé la taille des NPs, qui était de 4,5±0,4 nm 

dans C1C2ImB(CN)4 et 5,5±0,4 nm dans C1C2ImFAP, contre 11,6±0,8 nm dans C1C2ImNTf2. 

Dans le cas de {Fe[N(Me3Si)3]2}2, certaines NPs observées au HRTEM avaient une 

structure cubique dont le paramètre de maille coïncide avec la forme fcc de Fe(0). Il semble 

donc que le métal a donc pu être obtenu dans ce cas. Cependant et à nouveau, certaines NPs 

possédaient une structure attribuée à Fe2O3. Cette oxydation partielle pourrait également être 

expliquée par la présence d’eau résiduelle dans le LI.  

Pour les deux précurseurs, des caractérisations complémentaires sont nécessaires pour 

conclure définitivement quant à la structure (WAXS, spectroscopie Mossbauer) et aux 

propriétés magnétiques (SQUID) de ces NPs. 

IV. Synthèse de NPs bimétalliques dans les LIs 

i. Chimie de surface des Co-NPs 

La décomposition successive ou simultanée de deux précurseurs OM dans un LI peut 

conduire à la formation de NPs bimétalliques même dans le cas de métaux immiscibles, pour 

peu que les NPs monométalliques intermédiaires portent des hydrures de surface.27 Pour cette 

raison, la première tâche en vue de la synthèse de NPs bimétalliques contenant du Co a été la 

vérification de la présence de ces hydrures à la surface des Co-NPs. 

Un premier test a été mené, qui a consisté à exposer du tétraméthyle-étain à une 

suspension de Co-NPs fraîchement préparée dans C1C4ImNTf2. L’apparition de méthane dans 

l’atmosphère gazeuse a été détectée et quantifiée par GC. Cette production de méthane a été 

attribuée à la présence sur les Co-NPs d’hydrures de surface, qui conduisent à la réaction 

suivante : 
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Lors d’un second test, les propriétés catalytiques des Co-NPs vis-à-vis de l’hydrogénation 

de l’éthylène ont été évaluées. Une fois encore, une analyse quantitative de la phase gazeuse a 

permis de mettre en évidence la formation d’éthane, qui résulte de l’hydrogénation de 

l’éthylène par les hydrures de surface des Co-NPs. 

ii. Synthèse de CoRu-NPs 

Les deux tests ont donné des résultats concordants qui ont permis d’estimer la 

concentration totale en hydrures de surface à 1,7-1,8.10-4 mol.L-1. Cela ne répresente que 

quelques % des atomes de Co de surface des Co-NPs, mais a été suffisant pour initier le dépôt 

de Ru sur les Co-NPs par addition de Ru(COD)(COT) dans la suspension. En effet, l’analyse 

TEM a montré un accroissement significatif de la taille des NPs après la réaction (Figure 

102). 

 

Figure 102 : Distribution de tailles de Co-NPs synthétisées par décomposition de Co(COD)(COE) à 100°C, sous 
0,4 MPa de H2 dans C1C4ImNTf2 (à gauche) avant et (à droite) après exposition à une solution équimolaire de 
Ru(COD)(COT) pendant 24 h à température ambiante sous Ar. 
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De manière symétrique, une solution de Co(COD)(COE) a réagi sur une suspension de 

RuNPs, qui sont connues pour posséder des hydrures de surface (Figure 103).90 

 

Figure 103 : Distribution de tailles de Ru-NPs synthétisées par décomposition de Ru(COD)(COT) à 100°C, sous 
0,4 MPa de H2 dans C1C4ImNTf2 (à gauche) avant et (à droite) après exposition à une solution équimolaire de 
Co(COD)(COE) pendant 24 h à température ambiante sous Ar. 

Ces deux réactions sont donc supposées avoir formé des NPs cœur@coquille, 

respectivement Co@Ru et Ru@Co. Pour vérifier cette structure, des suspensions ont été 

analysées par SAXS anomal (ASAXS) à l’ESRF. Les résultats sont encore en cours 

d’exploitation. 

Dans une dernière approche, une synthèse de NPs bimétalliques de Co et de Ru a été 

tentée en une seule étape, par décomposition simultanée des deux précurseurs en solution 

dans C1C4ImNTf2. Différents ratios de Co/Ru ont été testés, en maintenant constante la teneur 

totale en métal. Dans tous les cas, des suspensions monodisperses ont été obtenues, avec pour 

certaines une taille de NPs inférieure à celle des métaux purs. De plus, une augmentation 

monotone de la taille des NPs a été observée avec la teneur en Co dans le milieu (Figure 104). 

Ce comportement, qui a été observé dans d’autres systèmes, est une bonne indication de la 

formation de NPs bimétalliques plutôt que de la précipitation séparée des deux métaux. 
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Figure 104 : Taille des NPs par décomposition simultanée de Co(COD)(COE) et Ru(COD)(COT) dans des 
mélanges Co1-xRux en fonction de la teneur en Ru dans le milieu. 

iii. Synthèse de CoPt-NPs 
 

Pour la synthèse de CoPt-NPs, le précurseur de Pt retenu est le Pt(dba)2, un précurseur de 

Pt(0) plus facile à décomposer que d’autres précurseurs de Pt(II) tels que PtMe2COD. Dans un 

premier temps, une synthèse en deux étapes a été tentée en ajoutant à une suspension de Co-

NPs dans C1C4ImNTf2 à une solution de Pt(dba)2 dans le même LI. Après 24 h sous Ar, les 

observations TEM ont clairement montré la présence de deux populations de NPs, l’une vers 

5 nm (taille des Co-NPs de départ) et l’autre vers 1 nm, qui n’existait pas dans la suspension 

initiale (Figure 105-a). Un examen au STEM a confirmé que cette dernière population 

correspondait à des Pt-NPs (Figure 105-b). Finalement, et contrairement au système CoRu, il 

semble donc que dans ce cas, le Pt ne s’est pas associé au Co. 



167 

 

(a) (b) 

Figure 105 : (a) Image TEM et (b) image STEM d’une suspension obtenue par réaction entre une suspension de 
Co-NPs dans C1C4ImNTf2 et une solution de Pt(dba)2 dans le même LI. 

Pour compléter cette étude, une synthèse en une étape a été tentée, comme dans le 

système précédent. Comme précédemment, différents ratios de Co/Pt ont été testés, en 

maintenant constante la teneur totale en métal. Contrairement à la synthèse en deux étapes, 

des suspensions monodisperses ont été obtenues dans tous les cas. A nouveau, une variation 

monotone de la taille des NPs en fonction de la composition a été observée, ainsi que 

l’existence de suspensions dont les NPs sont plus petites que celles des deux métaux 

séparément (Figure 106). Il semble donc que dans ce cas, des NPs bimétalliques ont bien été 

obtenues. Pour le vérifier, des suspensions ont été analysées par ASAXS à l’ESRF. Les 

résultats sont encore en cours d’exploitation. Par ailleurs, ces NPs ont été testées pour la 

catalyse de l’hydrogénation du cyclohexadiene. Ces tests ont montré que la réactivité 

augmentait fortement avec la teneur en Pt jusqu’à ΧPt=0,5, puis saturait. Cela pourrait 

correspondre à la formation à partir de cette composition d’une coquille complète de Pt autour 

des cœurs de Co. 
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Figure 106 : Taille des NPs par décomposition simultanée de Co(COD)(COE) et Pt(dba)2 dans des mélanges 
Co1-xPtx en fonction de la teneur en Pt dans le milieu. 

V. Conclusion 

En conclusion, ce travail démontre que les LIs constituent un milieu de choix pour 

réaliser la synthèse de NPs magnétiques par un procédé simple, peu onéreux, mais 

performant. Pour cela, des précurseurs OM adéquats ont été identifiés et mis en œuvre. Un 

procédé d’élaboration fiable et reproductible et de Co-NPs monodisperses de taille réglable a 

été en particulier développé. Ces NPs ont pu être complètement caractérisées sur le plan 

structural. Elles adoptent une phase métastable appelée ε-Co qui évolue vers la structure hcp, 

qui est l’allotrope stable de Co(0). Les propriétés magnétiques de ces NPs ont également été 

mesurées. Elles sont comme attendu superparamagnétiques à température ambiante. 

Cependant, les mesures indiquent qu’elles sont en interaction, ce qui modifie leur réponse 

magnétique (température de blocage notamment). 

Une tentative d’adaptation de ce procédé pour la synthèse de Fe-NPs a également été 

menée. Dans certains cas, des NPs de Fe(0) ont pu être obtenues, mais des NPs oxydées de 

Fe2O3 ont toujours été observées. Cette oxydation est probablement due à la présence d’eau 

résiduelle dans le LI. 
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Finalement, des NPs bimétalliques de Co ont pu être synthétisées avec succès. Cela 

résulte probablement de la présence sur les Co-NPs d’hydrures de surface. Dans le cas de 

CoRu, des synthèses en deux étapes (réaction du précurseur de Ru sur les Co-NPs et 

inversement) semblent avoir conduit à l’obtention de NPs bimétalliques. En revanche, dans le 

cas de CoPt, cette stratégie a clairement conduit à la précipitation de Pt-NPs indépendamment 

du Co. Pour les deux systèmes, la co-décomposition des deux précurseurs (Co et Pt ou Ru) 

semble dans tous les cas avoir résulté dans la formation de NPs bimétalliques. La structure de 

toutes ces NPs est en cours d’analyse. Leurs propriétés magnétiques doivent encore être 

mesurées. Cependant, des premiers tests montrent d’ores et déjà qu’elles pourront 

probablement trouver des applications en catalyse. 
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Magnetic behavior of NPs 
Materials are classified by their response to an externally applied magnetic field. Five basic 

behaviors can be observed: diamagnetism, paramagnetism, ferromagnetism, 

antiferromagnetism, and ferrimagnetism. In the presence of an externally applied magnetic 

field, the atomic current loops created by the orbital motion of electrons respond to oppose the 

applied field. All materials display this type of weak repulsion to a magnetic field known as 

diamagnetism. Diamagnetism is observed in materials with filled electronic subshells where 

the magnetic moments are paired and overall cancel each other. Diamagnetic materials have a 

negative susceptibility (  < 0) and weakly repel an applied magnetic field (e.g., quartz, SiO2). 

The effects of these atomic current loops are overcome if the material displays a net magnetic 

moment or has a long-range ordering of its magnetic moments.184 Indeed, diamagnetism is 

very weak, and therefore, any other form of magnetic behavior that a material may possess 

usually overpowers the effects of the current loops. All other types of magnetic behaviors are 

observed in materials that are at least partially attributed to unpaired electrons in their atomic 

shells, often in the 3d or 4f shells of each atom.  

Materials whose atomic magnetic moments are uncoupled display paramagnetism; thus, 

paramagnetic materials have moments with no long-range order, and there is a small positive 

magnetic susceptibility (  ≈ 0), e.g., pyrite.185, 186  

Ferromagnetic materials have aligned atomic magnetic moments of equal magnitude, and 

their crystalline structures allow for direct coupling interactions between them, which may 

strongly enhance the flux density (e.g., Fe, Ni, and Co). Furthermore, the aligned moments in 

ferromagnetic materials can confer a spontaneous magnetization in the absence of an applied 

magnetic field. Materials that retain permanent magnetization in the absence of an applied 

field are known as hard magnets.  

Materials having atomic magnetic moments of equal magnitude that are arranged in an 

antiparallel fashion display antiferromagnetism (e.g., troilite FeS). The exchange interaction 

couples means that the moments in such a way that they are antiparallel, leaving a zero net 

magnetization.187 Above the so-called Néel temperature, thermal energy is sufficient to cause 

the oppositely aligned atomic moments to randomly fluctuate, leading to a disappearance of 

their long-range order. In this state, the materials exhibit paramagnetic behavior.  

Ferrimagnetism is a property exhibited by materials whose atoms or ions tend to assume an 

ordered but nonparallel arrangement in a zero applied field below a characteristic Néel 
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temperature (e.g., Fe3O4 and Fe3S4). In the usual case, within a magnetic domain, a substantial 

net magnetization results from the antiparallel alignment of neighboring non-equivalent sub-

lattices. The macroscopic behavior is similar to ferromagnetism. Above Néel temperature, the 

substance becomes paramagnetic (Figure 107).188, 189  

 
Figure 107 : Magnetization behavior of ferromagnetic and superparamagnetic NPs under an external magnetic 
field.190 

Size-dependent magnetic behavior 

Magnetic effects are caused by movements of particles having both mass and electric charges. 

These particles are electrons, holes, protons, and positive and negative ions. A spinning 

electric-charged particle creates a magnetic dipole, so-called magneton. In ferromagnetic 

materials, magnetons are associated in groups. A magnetic domain (also called a Weiss 

domain) refers to a volume of ferromagnetic material in which all magnetons are aligned in 

the same direction by the exchange forces. This concept of domains distinguishes 

ferromagnetism from paramagnetism.  

The domain structure of a ferromagnetic material determines the size dependence of its 

magnetic behavior. When the size of a ferromagnetic material is reduced below a critical 

value, it becomes a single domain (Figure 107).  

The single domain nanoparticles, due to their magnetic configuration, possess unique 

properties. For example, a single domain nanoparticle, having a single easy axis of 

magnetization, is then considered as a uniaxial nanoparticle. Its magnetization can then be 

seen as a macro-spin which can have two positions of equilibrium, "up" or "down" around its 
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easy axis of magnetization. In the absence of an external magnetic field, the magnetization 

may, under certain conditions, turn spontaneously under the effect of thermal agitation. This 

reversal of the magnetization depends on the energy barrier ( ) between the two equilibrium 

positions (Figure 108). This energy barrier is expressed by: 

 

Where   is the effective anisotropy constant including magneto-crystalline anisotropy, 

shape anisotropy and surface anisotropy,  is the volume of the particle and  is the angle 

between the particle’s magnetic moment and the easy axis of magnetization. 

 
Figure 108 : a) Schematic representation of a uniaxial single domain nanoparticle with the angle  between the 
easy axis of magnetization and the magnetic moment. b) energy diagram of the nanoparticle as a function of . 

When the thermal energy is higher than the energy barrier, the magnetization reverses 

spontaneously. This phenomenon is called superparamagnetism. Louis Néel has determined 

the average time of reversal of the magnetization, relaxation time : 

 

Where  is the limited relaxation time (≈10-9 s) and  is the Boltzman constant. This 

relaxation phenomenon therefore depends on three parameters: the volume of the 

nanoparticle, its effective anisotropy and temperature. 

When the magnetization of such nanoparticles is measured, the observed result depends on 

the time of measurement ( ) with respect to the relaxation time of the magnetization. 
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 If , the magnetization doesn’t have the time to return and hence appears as 

being blocked in its position 

 If , the magnetization has the time to return back and appears to be statistically 

zero in value. 

It is therefore possible to define a blocking temperature for a given measurement time. This 

temperature represents the transition between the blocked state and the superparamagnetic 

state. It is defined by: 

 

Below this temperature, the nanoparticles will be in a blocked state whereas above, they will 

be superparamagnetic. Introduced in the living systems, particles are magnetic only in the 

presence of an external field, which gives them unique advantages in working in biological 

environments.  

 

 

 

 

 

 

 

 

 

 

 



197 

 

Appendix 2 
  



198 

 

  



199 

 

Further attempts for the synthesis of Fe-NPs 
Bis(tri-tButyl mesityl)iron, Fe(Mes*)2, was also considered for the synthesis of Fe-NPs. 

This compound seems to be very stable and not decomposing under H2. It is not very soluble 

in IL as well. In a first attempt, 2.5x10-2 mol.L-1 solution in IL was prepared. After 20 min of 

stirring, the yellow/orange compound was still not dissolved (just a very little coloring for the 

solution). Pentane was then added to dissolve but again, it was not very soluble. After, 

vacuum was applied to evaporate pentane and 0.4 MPa of H2 were applied at room 

temperature for 21 hours. No color change was observed. The temperature was then increased 

to 100°C and kept for 3 hours. Again, there was no change in color. Temperature was further 

increased to 150°C and kept for 3 further hours. That time, color was slightly changed into a 

little bit more black, less yellow.  

Based on these results, and since the compound seems to be very difficult to reduce, 

the synthesis of Fe-NPs was tested using a 5x10-3 mol.L-1 solution of the precursor in 

C1C4ImNTf2 IL which is pale yellow in color. It was allowed to decompose under aggressive 

conditions (0.9MPa of H2, 150°C for 24 hours). The resulting solution was again, pale yellow 

in color with no indication of NPs formation.  

The last trial was to mix 1mL solution of 5x10-3 mol.L-1 of Fe(Mes*)2 with 1mL of 

5x10-3 mol.L-1 Pt(dba)2 solution and to decompose them simultaneously (0.9MPa H2, 150°C, 

24 hours). The idea was to check if initially formed Pt nuclei could assist and catalyze the 

decomposition of Fe(Mes*)2. From TEM, this gave monodispersed NPs of size 2.6±0.2nm 

(Figure 109). Further experiments need to be considered in order to identify either the 

monometallic or the bimetallic nature of such NPs and to identify it’s exact structure.  
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Figure 109 : TEM images for 2.6 nm Fe-Pt NPs prepared through the simultanious decomposition of equimolar 
solution of 1 mL solution of Fe(Mes*)2 and Pt(dba)2 (5x10-3 mol.L-1 total concentration) under 0.9 MPa H2, 
150°C, 24 h.  
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Phase diagram of CoRu systems: 

 
Figure 110 : Phase diagram of CoRu systems recorded at atmospheric pressure as reported in the SGTE noble 
metal alloy database. http://www.crct.polymtl.ca/fact/documentation/SGnobl/SGnobl_Figs.htm 

Phase diagram of CoPt systems: 

 
Figure 111 : Phase diagram of CoPt systems recorded at atmospheric pressure as reported in the SGTE noble 
metal alloy database. http://www.crct.polymtl.ca/fact/documentation/SGnobl/SGnobl_Figs.htm 
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Phase diagram of CoSn systems: 

 

Figure 112 : Phase diagram of CoSn systems recorded at atmospheric pressure as reported in the SGTE noble 
metal alloy database. http://www.crct.polymtl.ca/fact/documentation/SGnobl/SGnobl_Figs.htm 

Phase diagram of CoSi systems: 

 

Figure 113 : Phase diagram of CoSi systems recorded at atmospheric pressure. (J. Phase equilibrium and 
diffusion, Vol. 29 No.3 2008)  
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Application for beam time at ESRF – Experimental Method 
In-situ SAXS/WAXS study of bimetallic Co-Ru nanoparticles 

Proposal Summary (should state the aims and scientific basis of the proposal) : 
Bimetallic nanoparticles (bMNPs) have received considerable attention because they 

can be used in a variety of applications in catalysis and advanced magnetic or optical devices. 
In most cases, an accurate control of the size and structure of these bMNPs is mandatory. The 
structural arrangement of the two metals deeply modifies their physico-chemical properties. 
Depending on the application, either core-shell or Janus structures, or nanoalloys are needed. 
Also, a narrow size distribution generally ensures homogeneous properties of the NPs. 

Co-Ru bMNPs are interesting for magnetic and catalytic applications. Their magnetic 
properties strongly depend on their internal structure [i]. They could also advantageously 
replace Ru NPs as a catalytic agent for hydrogenation reactions. In this case, a thin shell of Ru 
is desired around a Co core. Such a core-shell structure may also be needed to prevent 
oxidation of the bMNPs. 

Our group is developing a new and versatile synthesis of size-controlled bMNPs 
(<10 nm) using various organometallic precursors in ionic liquid (IL) [ii]. We have shown 
that upon mixing ruthenium and copper precursors, smaller bMNPs are formed as compared 
to single metals with enhanced size control in a large range of copper molar fraction [iii]. Our 
recent ASAXS experiments on Ru-Cu NPs have been successful in demonstrating their core-
shell structure with an accurate determination of the size of Ru core and the thickness of Cu 
shell [iv]. These experiments have validated the reaction mechanisms of formation of these 
objects. More recently, similar experiments have been conducted on Ru-Ta with more 
mitigated results (mostly because Ru and Ta form alloys). A core-shell structure was observed 
for NPs synthesised in two steps (i.e. addition of Ta precursor on pre-formed Ru NPs) [v]. 

We propose to perform another series of ASAXS experiments focused on Co-Ru 
bimetallic NPs synthesised in two steps (addition of Ru (resp. Co) precursor on pre-formed 
Co (resp. Ru) NPs). The goal is to demonstrate the validity of our approach to form both 
Co@Ru and Ru@Co (core@shell) bimetallic NPs. Indeed, ASAXS measurements have 
already proven successful at determining the internal structure of Co-Pt NPs prepared by 
condensation in an UHV chamber [vi].  
Scientific background:  

In a previous work, we have depicted the synthesis of bimetallic Ru-Cu nanoparticles 
from the decomposition of organometallic (OM) Ru and Cu precursors under H2.[iii] 
Interestingly enough, upon mixing the two OMs, smaller NPs are generally formed as 
compared to the pure metals. As mentioned above, owing to the ASAXS technique, the 
Ru(core)/Cu(shell) structure of the bMNPs [iv] unambiguously validates the mechanism of 
formation of these bMNPs: the fast reacting Ru(COD)(COT) precursor is first decomposed 
into Ru NPs, and the slowly reacting precursor CuMes then reacts at the Ru surface. This 
second reaction, which involves surface hydrides present on the RuNPs, is responsible for the 
size reduction of the final bMNPs. 

Such size reduction by alloying two metals is also observed in other bimetallic 
systems. For instance, by decomposition of (Me3CH2)3Ta=CHCMe3 under H2 in IL, 
agglomerated TaNPs with large size distribution are obtained. When mixed to 
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Ru(COD)(COT), smaller Ru(core)-Ta(shell) bMNPs with much narrower size distribution, 
are formed. However, a core-shell structure could only be assessed for bMNPs synthesised by 
reaction of the Ta precursor on pre-formed Ru NPs [v]. 

In the past months, this synthetic technique has been extended to Co by decomposition 
of (1,5-cyclooctadiene)(cycloocta-dienyl)Cobalt(I), Co(COD)(COE) in 1-butyl-3-
methylimidazolium bis-(trifluoromethane)sulfonimide C1C4ImNTf2 under 0.4 MPa H2 at 
100°C for 4 h. These conditions afford Co NPs with a diameter of 4.1±0.5 nm (figure). 
Interestingly enough, these Co NPs also bear surface hydrides that react with 
Ru(COD)(COT). When a suspension of freshly prepared CoNPs is mixed with an IL solution 
of Ru(COD)(COT) and kept during 24 h under Ar at room temperature, the size of the NPs 
increases from 4.1 to 5.6 nm. Moreover, no isolated RuNPs are observed by STEM/TEM 
analysis. 

 

 

Left – TEM image and 
right – corresponding 
size distribution of 
CoNPs formed by 
decomposition of 
Co(COD)(COE)under 
H2 at 100°C in 
C1C4ImNTf2  

 
Experimental technique(s), required set-up(s), measurement strategy, sample details 
(quantity, ...): 

In this project, we want to study the size and morphology of these Co-Ru NPs for both 
Co@Ru and Ru@Co configurations. For both configurations, the amount of the shell metal 
relative to the core will be varied between 0.5 and 3. 
For it, we plan to perform ASAXS measurements at both Ru K-edge (22.117 keV) and Co K-
edge (7.7 keV). In contrary to TEM, this technique brings a statistical information about the 
size and morphology of NPS. Taking advantage of the anomalous contrast, the core-shell 
structure can be revealed leading to the determination of the core diameter and shell thickness. 
Due to the high reactivity of Co and in order to prevent ageing, oxidation or sedimentation, 
the samples will be prepared in real time in sealed capillaries ( =1mm (resp 1.5mm) for Co 
(resp Ru) -edge measurements, wall thickness=10 m) during the beam time allocation. They 
will be filled with the IL containing the bMNPs.  The different capillaries (including one 
filled with pure C1C4ImNTf2 liquid for correcting the strong liquid contribution) will be 
mounted perpendicularly on a multiple sample holder. At each edge, to overcome eventual 
sedimentation the measurements for one sample will be performed at the five selected 
energies before sample change.  
Beamline(s) and beam time requested with justification : 

To achieve these ASAXS measurements, including energy adjustments, sample 
alignment and transmission measurements, we need 12 shifts of beam time on the BM02 
beamline. The SAXS images will be recorded using a XPAD detector.  
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Results expected and their significance in the respective field of research : 
 In case of core-shell nanoparticles the variation of the differential SAXS intensities 
with the scattering vector is expected to be different from that of the total intensities. 
Moreover an inverse behaviour between the Co and Ru edge measurements has to be 
observed. Such findings are very important for a better understanding of the synthesis of 
cobalt-ruthenium nanoparticles (Co-Ru NPs) in ILs. 
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