Design of ruthenium nanoparticles for better performance in catalysis
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Abstract

This chapter focus on recent advances in the design of ruthenium-based nanoparticles using
organometallic complexes as the metal source, for their application in catalysis. The aim is to illustrate
the advantages of the organometallic approach to achieve nanoparticles with controlled

characteristics. The adjustment of the morphology (size, shape, crystalline structure) and of the surface

1


mailto:nuria.romero@lcc-toulouse.fr

state of metal nanoparticles, are key parameters for the tuning of their catalytic properties. Study and
rationalize the effects of these parameters provides interesting perspectives to improve the
performance of nanocatalysts. At the laboratory scale, the accurate design of metal nanoparticles is
feasible by an adequate choice of the reaction conditions including the nature of the metal precursor
(organometallic complex with appropriate kinetics of decomposition), the nature of the stabilizer
(polymers, dendrimers, ligands, ionic liquids, etc.), the addition of a second metal for a synergy effect
or the use of a support that will bring other properties (stability, conductivity, electronic effects by
phosphorus- or nitrogen doping, confinement effect). The challenge is to find the best compromise to
achieve robust metal nanoparticles with high catalytic performance, both in terms of activity and
selectivity. This will be illustrated through recent examples of ruthenium nanoparticles implemented
in catalytic reactions that can find applications in fine chemistry and energy. The complementarity
between computational and experimental chemistries, when available, will be underlined, being a
powerful way to precisely understand the catalytic properties of nanoparticles and then, improve

performance.

Introduction

Interests of metal nanoparticles

As the result of remarkable efforts in the synthesis of precisely defined metal nanoparticles including
an atomic precision level,» 2 as well as the study of their characteristics, metal nanoparticles (MNPs)
have gained a great reputation in the domain of catalysis.> MNPs are attractive species because of their
unique electronic and structural properties that derive from their matter state (finely divided metals)
and a particle size in the nanometric scale (1-100 nm), and confer them typical physical and chemical
properties, compared to bulk metals and molecular complexes.* MNPs display a high nhumber of
surface atoms (high surface to volume ratio; this ratio increasing with size decreasing), among which

numerous low-coordination and high-energy atoms.> When MNPs are at a size close to one nanometer,



the percentage of surface atoms can be superior to 90%, thus offering a significant number of atomic
sites, and making MNPs to be systems of high potential for catalytic transformations.® Owing to their
different coordination numbers that depends on their location on the NP surface (corner, edge, and
face atoms), the atomic sites exposed in MNPs may have various reactivities. Also, according to the
MNP shape, different crystalline plans can be exposed at the surface, making the crystalline structure
a parameter to consider since different catalytic properties can be achieved as a function of the
exposed crystalline plans.” 8 However, at very low size (ca. 1 nm or below), MNPs can be amorphous
and not present well-defined facets but numerous defects, which can be another advantage in
catalysis.’ The composition of MNPs is another key-parameter. If the nature of the metallic core often
depends on the target reactivity (some metals are well-known for certain catalytic applications but not
for others), the nature of the stabilizer is also of prime importance as, apart from stabilising MNPs, it
can influence their catalytic properties. For colloidal catalysis in solution, stabilizers such as polyols,
polymers, ligands, macrocyclic host molecules, dendrimers, or ionic liquids (ILs), as non-exhaustive
examples, are largely used.® For instance, a recent review focused on the use of cucurbit[n]urils
(CB[n]s, n = 5-8, 10, 13-15), a family of highly symmetrical, rigid, pumpkin-shaped macrocyclic host
molecules, consisting of “n” glycoluril units bridged by methylene groups, generating polar and
hydrophobic internal cavity fringed by negatively charged carbonyl groups on two hydrophilic portals
to grow MNPs for diverse applications like catalysis.!* For supported nanocatalysis there is a vast choice
of supports (metal oxides such as silica, metal organic frameworks, carbon derivatives, nanocelluloses,
etc.) which can be advantageous not only for the recovery and recycling of the nanocatalysts but also
for their catalytic properties. For example, MNPs have been immobilized on molecularly modified
surfaces, in order to access controlled catalysis.? A synergy effect can be expected by combining two
metals (or even more), given rise to numerous possibilities of bimetallic NPs for various catalytic
applications.'® Diminution of content or replacement of noble metals by less critical ones, in terms of

abundance and cost, is one of the challenges in this domain.



The interest of MNPs in catalysis has been exploited for a long time by the community of
heterogeneous catalysis, which mainly focused on naked supported MNPs for a gain in activity.
Calcination can be applied to eliminate adsorbed organics and to have free active sites; such a
treatment on small MNPs can be critical due to potentially sintering. Selectivity objectives are often
treated by a careful choice of the support that brings its own properties (acidic or basic sites, various
doping, conductivity, confinement effects, etc.).}* > The target in nanocatalysis is to take advantage of
the knowledge in homogeneous catalysts and combine it with that on heterogeneous ones, in order
to develop tailored MNPs with high performance in terms of both activity and selectivity.’® In this
perspective, the presence of organic ligands at MNP surface is not seen as detrimental for catalysis but
as a way to improve or even orientate the chemoselectivity, as done in molecular catalysis where
specific ligands can be used to improve performance of metal complexes.'” ¥ The interaction of ligands
with the metal atoms at the surface of MNPs can be seen as similar as that with metal centers in
molecular complexes. This interaction is essential for MNP stability and their catalytic performance
(activity and selectivity properties). Ligands can be chosen in order to tune the surface properties of
MNPs through steric and/or electronic effects.'®?° The challenge is to find a suitable protective agent
that will stabilize well-defined MNPs while controlling accessibility at the metal surface and catalytic
performance. Present developments in nanochemistry rely on the design of nanohybrids (combination
of a metal core and a stabilizer or a support, both bringing properties) to have multifunctional

nanomaterials.?*

Given the above, MNPs are structure-sensitive. Their catalytic performances are related to both the
characteristics of the metal core (nature, size, shape, morphology) and of the stabilizing shell (organics
or support material). Consequently, it is necessary to have efficient synthesis methods to access well-

defined MNPs for probing their pertinence in catalysis.

Advantages of the organometallic approach for the synthesis of metal nanoparticles



A prerequisite to finely investigate the catalytic properties of MNPs is to have at disposal synthesis
tools that enable to produce MNPs with a well-defined structure (narrow size distribution, appropriate
atom distribution in metal core and synergy between the metal surface and stabilizer or support) in a
reproducible way. Also, have MNPs of small size (high surface area) will boost the catalytic
performance. The organometallic approach (Figure 1) proved to be an efficient and versatile synthesis
strategy to access well-controlled MNPs of various metals, with modulable sizes including ultra-small
size (ca. 1-10 nm), and that can be functionalized at will.?> 2 This method relies on the decomposition
of organometallic or metal-organic complexes through reduction or ligand displacement from the
metal coordination sphere, under mild conditions (most often at ambient or low temperature, and low
pressure of hydrogen). Olefinic complexes are suitable precursors because, when exposed to
hydrogen, only alkanes are released; these by-products interact poorly with the surface and can be
easily eliminated under vacuum. This allows to have a metal surface free of contaminants (absence of
halides in contrast to using metal salts, for instance). This is particularly interesting to perform precise
studies on the impact of the added stabilizer on the surface properties of MNPs and consequently, on
their catalytic performance. If this method suits well to the use of ligands (including polyols,?*
amines,?® carboxylic acids,?’ phosphines,?® carbenes,”® among others) to produce stable MNPs, is
because they can easily coordinate at the surface atoms as ligands do in metal complexes. However,
various other stabilizers can be used too, such as polymers,® ILs,3! or metal complexes.3? The
stabilization can derive from covalent bonds (organic ligands or metal complexes), electrosteric
interaction (surfactants) or electrostatic confinement (certain ILs). MNPs synthesized by the
organometallic method can be also deposited onto inorganic supports (carbon-based materials
including N- or P-doped materials, metal oxides of various natures such as silica or alumina, etc.), either
by direct decomposition of the metal complex chosen as precursor in the presence of the support (and
additional stabilizer if required) or by impregnation of the support with a colloidal suspension of
preformed MNPs. The organometallic approach also allows the engineering of bimetallic NPs with a

control chemical order (alloy or core-shell type NPs) when adequate precursors are available. The deal



is to combine two precursors with appropriate kinetics of decomposition to access the desired
bimetallic structure. The versatility of the organometallic approach and all the advantages that provide
in order to study metallic surfaces, and in particular in catalysis, have made of this method a success

in the scientific community, being adopted by numerous research groups nowadays.
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Figure 1. Schematic view of the organometallic approach for the synthesis of metal nanoparticles.

The organometallic approach is particularly performant to access well-controlled ruthenium
nanoparticles (Ru NPs), providing a rich literature in this domain.3* 3* [Ru(n3-C4H5)2(n*CsH12)] and
[Ru(n*-CsH12)(n8-CsH10)] are relevant precursors to access well-defined and small-sized Ru NPs. Apart
from the precursor, it has been reported that the crystalline structure of Ru NPs can be directed by the
choice of the stabilizer; in similar synthesis conditions and starting from [Ru(n*-CsH12)(n%-CsH1o)];

hexadecylamine provided Ru NPs with hcp structure while lauric acid gave rise to fcc Ru NPs.*®

A combination of techniques from both solid and molecular chemistry such as transmission electron
microscopy (TEM), high resolution electron microscopy (HREM) or scanning transmission electron
microscopy (STEM) coupled with energy dispersive X-ray (EDX), scanning transmission electron
microscopy at high angle annular dark field (STEM-HAADF), X-ray diffraction (XRD), wide-angle X-ray
scattering (WAXS), liquid and solid state NMR, Fourier transform IR, thermogravimetric analysis (TGA),
inductively coupled plasma (ICP), elemental analysis, magnetic measurements, X-Ray photoelectron
spectroscopy (XPS), among others, allows to have a fine characterization of these NPs. This provides

detailed information of the NP systems and the metallic surfaces, that may be correlated for a better



understanding of their catalytic properties. Hydrogen being used as reducing agent to synthesize Ru
NPs, hydrogen atoms are adsorbed at the metal surface in addition of the stabilizer. The surface
hydrides content can vary depending on the others species (stabilizer, solvent) present on the surface
of Ru NPs but it is generally higher than 1 (1-1.3 H per surface Ru atom). Computational chemistry
dedicated to MNPs contributes also to the understanding of the structure as well as surface and
catalytic properties of MNPs, in addition to experimental techniques. For instance, computational tools
were combined to solution or solid state NMR techniques in order to determine the coordination mode
of carboxylic acid ligands at the surface of Ru NPs.?” 3¢ A combination of NMR spectroscopy and DFT
calculations was also applied to probe the electronic structure-reactivity relationship on ruthenium
step-edge sites from 3CO chemical shift analysis, being Ru NPs highly active catalysts for the
Fischer-Tropsch and the Haber-Bosch processes.?” Solid state °N and 3C CP MAS NMR spectroscopy
together with DFT calculations allowed to study the adsorption of ®NHs and the co-adsorption of °NHs
and CO on hydrogen containing Ru NPs stabilized by a phosphine.® Regarding the production of
hydrogen by the water-splitting process, computational chemistry can afford values of adsorption

energy of H atoms at the surface of model NPs and help to probe the interest of MNPs in this process.*®

The case studies reported below will present pertinent results in the use of catalysts consisting of Ru
NPs prepared by the organometallic approach. A main part will concern hydrogenation of diverse
substrates, including model compounds for the valorisation of biomass, for application in fine
chemistry or the field of fuels. Hydrodeoxygenation is also widely studied with Ru NPs. CO, reduction
is also explored with Ru-based nanocatalysts. Deuteration of relevant molecules achieved with Ru NPs,
has started to be investigated as well. Water splitting for the production of hydrogen is a challenge in
energy, for which catalysts based on Ru NPs have known an increasing interest in the last years. The
last part of the chapter will report on miscellaneous reactions catalysed by RuNPs, such as oxidation
of nitro compounds, synthesis of allyl and alkylamines and the production of formic acid through a
semi-water-gas shift reaction for. Finally, some conclusions and perspectives for the future will be

given.



Catalytic applications of organometallic Ru nanoparticles

Hydroconversion

Ru NPs, colloidal or supported, are excellent catalysts for hydrogenation reactions as illustrated by the
large panel of substrates that can be reduced in their presence.® 32 Usually, Ru NPs synthesised by the
organometallic approach are used in hydrogenation of C=C, C=C, and C=0 bonds with H, under mild
reaction conditions. For colloidal Ru NPs synthesised by this method, in which a large variety of
stabilizers can be introduced at their surface, the results in a given hydrogenation reaction provide
valuable information to assess the contribution of these compounds at the NP surface in the catalytic
performance. Likewise, the effect of the introduction of a second metal can be determined
straightforwardly using this information. Other compounds can be reduced in the presence of

organometallic Ru NPs, such as nitrocompounds, as well as CO..
Hydrogenation and hydrodeoxygenation of molecules containing C=C, C=C and C=0 bonds

Ligand- and polymer-stabilized Ru NPs have found applications as catalysts for several hydrogenation
reactions. Most of the stabilizing ligands utilized have been taken from organometallic chemistry.?% 2%
33 Specifically, N-heterocyclic carbenes (NHC) have emerged as powerful ligands to control the
properties of MNPs including their catalytic reactivity.? Since the first example of carbene-modified
AuNPs,* and later that of NHC-stabilized organometallic Ru NPs,** an extensive effort has been
dedicated to the use of NHC as capping ligands for MNPs for applications in catalysis.?® The origin of
this interest lies in that NHC ligands coordinate robustly onto metallic surfaces: adsorption energies of
ca. -64 Kcal/mol have been calculated for NHC coordinated to Au surfaces, for instance;*? and, in

addition, the electronic or steric properties of MNPs can be adjusted by modifying their N-substituents

or imidazolium structure (Figure 2).
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Figure 2. NHC ligands applied as stabilizers of Ru NPs.

1,3-bis(2,6-diisopropylphenyl)imidazol-2-ylidene (IPr) and N,N-di(tert-butyl)imidazol-2-ylidene (ItBu)
stabilized Ru NPs were used as catalysts for the hydrogenation of o-methylanisole, evidencing that the
steric hindrance altered the activity of the reaction, Ru/ItBu being almost inactive.*! Several attempts
to induce enantioselectivity by using chiral NHC stabilized Ru NPs in hydrogenation reactions did not
provide the desired result, still the bulkiness of the ligand played an important role to define activity
and selectivity.*® ** The crucial effect of the steric hindrance of the NHC anchored onto Ru NPs in
hydrogenation reactions was evidenced.* ¢ Long alkyl chain modified NHC, 1,3-dimethyl-4,5-
diundecyl imidazoline (LC-IMe) and 1,3-bis(2,6-diisopropylphenyl)-4,5-diundecyl imidazoline (LC-IPr)
Ru NPs displayed different activity and selectivity depending on the length of the alkyl chain, being the
2,6-diisopropylphenyl substituted NHC the most active.®® Cholesterol-derived NHCs were also
successfully used as surface modifiers for Ru NPs,* providing active catalysts for the hydrogenation of
different arenes at mild reaction conditions (room temperature, 5 bar of H,), the less bulky ligand

leading to a better catalytic activity.

Polymer-stabilized MNPs offer the possibility to study the catalytic properties of metallic surfaces
without the effect of a ligand, as polymers interact weakly with them. With this particularity, the effect
of the addition of a second metal may be investigated unaffected by the presence of a ligand. Besides,

the post-synthetic modification of polymer-stabilized MNPs with adsorbates, allows the study of the



effect of ligands on catalysis, preserving the MNPs characteristics defined during the synthesis. Both
approaches were recently investigated for applications in upgrading biomass platform molecules.3* 4’
A series of RuNiNPs were synthesised from [Ru(n*-CsH12)(n®-CsH1o0)] and [Ni(n*-CsH12)2] in the presence
of polyvinylpyrrolidone (PVP) at 85°C under H» using several Ru/Ni ratios. The RuNi NPs display a
segregated structure in which Ni is on the surface, and at low Ni content both metals cohabitate on
the surface. The hydrogenation of furfural, performed at 125°C under 20 bar of H,, was achieved for
both RuNi NPs and their corresponding monometallic species. High selectivity towards the partially
hydrogenated product, 2-(hydroxymethyl)furan, was observed in all cases, except for Ru/PVP NPs
when using 1-propanol as solvent; in this case the heteroaromatic ring could be hydrogenated and
opened, and the acetalisation occurred with 1-propanol, thus, reducing the overall selectivity.
Synergetic effects between metals were observed on activity, as bimetallic systems were more active
than their monometallic counterparts. Additionally, it was observed that the hydrogenation of 2-
(hydroxymethyl)furan using Ru/PVP in the presence of 1-propanol, gave 1,2-pentanediol in an
interesting 27% selectivity. With the aim to produce 1,2-pentanediol directly from furfural in a
competitive amount using Ru/PVP as catalyst, the acetalisation reaction should be reduced drastically.
Thus, electron donor ligands were added in situ to the catalytic reaction, in order to diminish this side
reaction, the origin of which is probably due to the electron-deficient character of the Ru NP surface.”
As a general trend, the addition of an amine increased the TOF of the reaction, and in the case of
hexadecylamine (HDA) it allowed the hydrogenation of furfural towards tetrahydrofurfuryl alcohol,
producing as well 1,2-pentanediol by C-O cleavage in a 36% selectivity, avoiding the formation of the
acetal, as hypothesised. Other amines, an NHC, and a phosphine ligand did not provide the C-O
cleavage, which was tentatively attributed to the bulkiness of the ligands. Upgrading furfural or
hydroxymethylfurfural by hydrodeoxygenation was also achieved with MNPs using magnetic heating.*®
The magnetic heating -release of heat through hysteresis losses when ferromagnetic materials are
subjected to a high-frequency alternating magnetic field-, was possible using Fe,,C NPs,* as the

support of the Ru NPs. The catalyst was prepared through a two-step decomposition of [Rus(CO)12]
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under 1 bar H, in the presence of pre-synthesised Fe,,C NPs. Using 3 bar of H,, and a magnetic field of
58 mT, 300 kHz for 15 h of reaction, furfural and hydroxymethylfurfural were fully hydrodeoxygenated

towards 2-methylfurane and 2,5-dimethylfurane, respectively.

Ru NPs resulting from the decomposition of [Ru(n*-CsH12)(n®-CsH10)] under H, display, usually, a small
size -1 to 2 nm size- and a rather homogeneous size distribution. This was exploited in order to arrange
high quality Ru NPs in networks mediated by di- or multitopic ligands, finding applications in catalysis.>”
*1 The strategy of using ligands as directing linkers has been used for obtaining ordered NPs -mostly
Au- for several applications such as in optics, sensors and electronics,®® >3 but barely in catalysis.>* >°
Yet, such self-assembly of MNPs could permit in a straightforward manner to direct substrates, or to
create confined spaces, in addition to the expected effect of the ligand modulating the electronic/steric
properties of the MNP surface. In an attempt to create such networks, fullerene Ceo was used as the
directing ligand in the synthesis of Ru®>>% > and Rh®’ NPs. Even if the nanostructures obtained by
hydrogen decomposition of [Ru(n*-CsH12)(n®-CsHio)] or [Rh(n3-C3Hs)s] in the presence of fullerene Ceo
did not show the desired organization, the presence of the fullerene Ceo provided an electro deficient
character to the metallic surfaces, which had an impact in catalysis. In order to create directionality
carboxylic acid moieties were introduced into the fullerene Cg,® the choice for -COOH groups arising
from their robust coordination onto Ru surfaces.?” 3¢ % Using this multitopic ligand, Ces(COOH)1,, the
expected networks were obtained. The Ru NPs tridimensional networks were active for the reduction
of nitrobenzene, demonstrating that the metallic surface was available for catalytic transformations.
Thus, the methodology was extended to more straightforward ligand structures. Carboxylic acid
triphenylene derivatives, planar ligands, provided bidimensional assemblies,®® as confirmed by
electron tomography (ET) and atomic force microscopy (AFM). AFM permitted to identify nanoobjects
with a high aspect ratio, the lateral size of the objects ranged from 0.1 to 1 um, while the thickness
arrayed from 3 to 12 nm - the estimated thickness of the assembly corresponding to one to four layers
of MNPs. The interparticle distance, ascertained by ET, displayed a mean value of 2.4+ 1.2 nm, in

reasonable agreement with the one determined by SAXS analysis (2.9 nm). Nevertheless, when applied
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as catalysts for the acetylene semi hydrogenation, the two-dimensional Ru NPs networks were less
performant than tri-dimensional Ru NPs arrays based on fullerene®® or adamantane? ligands. The
latter tridimensional Ru NPs networks were straightforwardly assembled using several adamantane-
based compounds bearing carboxylic acid or amine functional groups. The Ru interparticle distance
was modulated by the bulkiness of the ligand as the RuUNP size was roughly the same in all materials,
and the functional groups conferred different electronic properties to the RuNP surface, as well as
different robustness to the arrays. The adsorption energy of the carboxylate form of 1-adamantane
carboxylic acid was calculated to be very robust, -60 kcal/mol, and a charge transfer of -0.84 e’, from
the Ruis NP towards the ligand, was determined, pointing to an electro deficient metallic surface. On
the opposite, the adsorption energy of 1-adamantylamine onto a Ruis cluster was found lower, -30
Kcal/mol, and a charge transfer from the donor ligand to the Ru surface of -0.12 e  was calculated, thus
pointing to an electron rich surface. The electronic effects of the different coordinated ligands altered
the activity and the selectivity in the semi hydrogenation of phenylacetylene. A relationship between
Ru interparticle distance with the catalyst activity was found. Short distances between Ru NPs were

correlated to a higher catalytic activity, which was attributed to confinement effects.

ILs are attractive compounds for the synthesis of MNPs as they both stabilize and confer specific
features to metallic surfaces and can act as solvent. The modularity of ILs originates from changing
functional groups, alkyl chain length, hydrophobicity, varying the ion pair, and so on, and in turn the
modulation of the catalytic properties of MNPs.5% %2 Following a pioneering work on the use of Ir NPs
stabilized by ILs as catalysts for hydrogenation reactions,®® a plethora of stable MNPs, with small size
and narrow size distributions, has been synthesised in ILs.** Specifically, the reduction of Ru
compounds or the decomposition of organometallic compounds dissolved in the imidazolium ILs has
been used as a straightforward methodology to produce Ru-based catalysts active in the
hydrogenation of several substrates.®>7° For instance, several alkenes were successfully hydrogenated
by using Ru NPs stabilized on 1,3-dialkylimidazolium ILs (Figure 3, left, for some examples), prepared

by the decomposition of [Ru(n*CgH12)(n®-CsH1o)] under H,.%® The difference of solubility of benzene
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and cyclohexene in 1-n-butyl-3-methylimidazolium hexafluorophosphate (BMIm-PFs) was exploited in
order to attain a high selectivity in the partial hydrogenation of benzene; at very low benzene
conversion, a selectivity of ca. 39% in cyclohexene was observed. Ru-based catalysts were also
prepared by employing [Ru(n3-CsH7)2(n*CsHi12)] and 1-n-butyl-3-methylimidazolium or 1-n-decyl-3-
methylimidazolium, using N-bis(trifluoromethanesulfonyl)imidates (NTf,) or tetrafluoroborates (BF,)
as ion pair.%’ The variation of the structure of the IL, the imidazolium cations or the anions, did not
have an impact in the outcome of the reaction, and the partial hydrogenation of benzene derivatives
towards the corresponding cyclohexene was only observed in trace amounts. Lastly,” Ru NPs were
successfully produced using [Ru(n*-CsH12)(n®-CsH1o)] and functionalised imidazolium-based ILs (FILs)
and tested in the hydrogenation of styrene. The ILs consisted in a series of 1-substituted 3-
methylimidazolium cations and NTf; as the ion pair (Figure 3, right). Interestingly, all the Ru/FILs were
highly selective to the partial hydrogenated product, ethylbenzene, even at prolonged reaction times.
The fact that the aryl moiety is not hydrogenated is unusual for Ru NPs based catalysts that are
reported as highly active for this type of reactivity. In addition, the functional group at the end of the
alkyl chain had an impact on activity and stability, diether substituted FILs displaying a convenient

compromise between both parameters.
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Figure 3. lonic liquids based on 3-methylimidazolium cations used to synthesize Ru NPs.
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The introduction of complexity to the MNPs/ILs nanocatalysts, as in heterogeneous catalysis in general,
permits to produce more performant catalytic systems. The addition of a second metal seeking for
synergy, or the introduction of supported ionic liquids phase (SILP) nanomaterials pursuing stability
and another possibility of tunability via the support, have been also explored. For instance, for the
former case, core shell RuPt NPs® or alloyed RuPd NPs®® synthesised straightforwardly in ILs by using
the organometallic approach showed a synergy between metals in catalytic hydrogenation. RuPt NPs®
in BMI-PFs produced 1,3-cyclohexadiene from benzene, in a 21 % selectivity at 5% benzene
conversion, a reactivity that was not observed for the corresponding monometallic nanocatalysts
under the same reaction conditions. A synergy in terms of catalytic activity was observed in the
hydrogenation of benzene on alloyed RuPd/ILs NPs.®® RuPd ratio 1:1 NPs in BMI-PFs displayed high
activity and selectivity for the hydrogenation of benzene, with 94% and >99%, respectively, at 60°C
under 4 bar of H,, a catalytic performance in contrast with that of RuPd ratio 9:1 and RuPd ratio 1:9,
that provided only 68% and 2% of conversion, respectively, under same reaction conditions. The
decomposition of ruthenium complexes in SILP materials provides a facile procedure to prepare Ru-
based heterogeneous catalysts. SILP materials combine the advantages of ILs (non-volatility, high
solvent capacity, etc.), those of heterogeneous support materials, and the possibility to adjust the
catalytic properties, or by introducing a second metal, or changing the nature of the ionic liquid, or the
support. The nature of the IL plays an important role in the catalytic properties of those materials.
For example, [Ru(n3-C4H5)2(n*CsH12)] was impregnated in a combination of covalently attached acid-
functionalized IL and non-functionalized IL in SiO,, and decomposed under H,, the procedure providing
small Ru NPs -less than 2 nm.”* The quantity of sulfonic acid moieties grafted onto SiO, was varied in
order to achieve several acidities and to assess the impact of this parameter in the Ru-catalysed
deoxygenation of several biomass substrates. Higher acid loaded catalysts presented higher catalytic
activities for the hydrogenolytic deoxygenation of 4-(2-tetrahydrofuryl)-2-butanol and of 4-(5-
(hydroxymethyl)-2-tetrahydrofuryl)-2-butanol, providing quantitative yields of Cs-OL products (1-

octanol, 1,1-dioctylether and ethyloctylether). Hydrodeoxygenation of phenolic substrates was
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investigated using the same catalytic materials,”> demonstrating again that the acidity conferred by
the IL to the catalysts has an strong impact on the reaction results, as previously reported.”® Ru
NPs@SILPs were investigated for the hydrodeoxygenation of phenol under batch conditions at 150 °C
using 120 bar of H,. The acid loading of the SILP was varied between 0.33 and 1.00; increasing the
acidity led to an increase of the activity and a shift in the product selectivity from the alcohol toward
the deoxygenated product, cyclohexane. Increasing the temperature to 175°C permitted to obtain
95 % of cyclohexane using Ru NPs@SILP-1.00. The hydrogenolysis of diaryl ethers was also attained
with Ru@SILP-SO3H bifunctional catalyst. The effectiveness of the catalyst depended on the substrate:
cycloalkanes were obtained in high yields from diphenyl ether and 4,4'-dimethyldiphenyl ether, but for
other more hindered substrates was less efficient. Regioselectivity of the process was also
demonstrated for several unsymmetrical compounds in the same reaction conditions.”” The
modification of the SILP was also achieved by introducing a Lewis acid; Ru@SILP-[ZnCl4]* was used as
catalyst for the hydrogenation of bicyclic heteroaromatic compounds. > A comparison with the non-
modified SILP showed the beneficial effect of this modification: the presence of the Lewis acid hindered
the hydrogenation of arenes, thus promoting selectively towards the hydrogenation of the

heteroaromatic ring, and accelerating the hydrogenation of the furan moiety.
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Figure 4. Organometallic synthesis of MNPs on molecularly modified surfaces: (a) general approach;

(b) example of bimetallic RuFeNPs immobilized on an imidazolium-based SILP.”® Adapted from 12
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Supported bifunctional catalysts consisting in Ru NPs immobilized on tertiary amine-functionalized
polymer-grafted silica (PGS) were also studied.”” The use of PGS as a CO,-responsive material allowed
to switch the selectivity of the hydrogenation of furfural acetone by feeding or not the reactor with
CO,. RU@PGS under pure hydrogen produced mainly 4-(tetrahydro-2-furyl)butan-2-ol, i. e. the fully
hydrogenated product, from furfural acetone; a mixture of H,/CO, (40 bar, 1:1) led to the exclusive
hydrogenation of the C=C bonds, producing 4-(2-tetrahydrofuryl)-butan-2-one. The selectivity switch
was induced by the reversible hydrogenation of CO,. Ammonium formate and ammonium bicarbonate
species were detected by means of NMR, demonstrating that the RU@PGS catalyst is active in the
hydrogenation of CO; to formic acid -which reacts in turn with the amine-decorated support. The
presence of these species was suggested to play a role in the selectivity shift observed after the
introduction of CO; into the gas feed, by blocking of active sites for the hydrogenation of the more
polar C=0 group rather than the C=C hydrogenation sites. The preparation of bimetallic NPs is an
effective strategy to tune the catalytic properties of heterogeneous catalysts, as the introduction of a
second metal induces electronic and strain effects, which alter the catalytic properties when compared
to those of the monometallic counterparts. Even if ruthenium is a competitive metal in terms of price
compared to other noble metals such as platinum, palladium, and rhodium, there is significant interest
in its replacement with third-row metals as an abundant, inexpensive, and environmentally benign
alternative to the noble metal catalysts. With this aim, RuFe and RuCo NPs were prepared on covalently
attached IL in SiO,. RuFeNPs@SILP”® 7880 and RuCoNPs@SILP7® catalytic systems were obtained by in
situ reduction in the presence of unmodified SILP of [Ru(n*-CsH12)(n®-CsH10)] and [Fe[N(Si(CHs)3)2]2] or
[Co(n3-CsH13)(n*-CsH12)], under 3 bar of H, at 150°C in mesitylene as a solvent. The metallic ratio on the
bimetallic NPs was straightforwardly tailored by controlling the initial amount of the metallic
precursors. The hydrogenation of several aromatic compounds including benzylideneacetone, using
RuFeNPs@SILP series or the corresponding monometallic species, showed that the presence of Fe fine-
tuned the selectivity of the reaction. While FeNPs@SILP were barely active for the hydrogenation

under 20 bar of H, at 120 °C after 18 h of reaction, Ru NPs@SILP gave the fully hydrogenated product.
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The bimetallic material RussFesNPs@SILP hydrogenated several unsaturated functions but not the
aromatic rings. By calculating the reaction rates for the hydrogenation of furfuralacetone, using
Ru7sFessNPs@SILP or Ru NPs@SILP, it was evidenced that the introduction of Fe impeded
hydrogenation of the heteroarene and, at same time, the ketone hydrogenation was enhanced.
RuzsFeasNPs@SILP, in which SILP was acid-functionalized” or non-functionalized,®® was also used as
hydrodeoxygenation catalyst for several aromatic substrates. Taking advantage of the inability of these
catalysts to hydrogenate aromatic rings, aromatic ketones were selectively hydrodeoxygenated at 175
°C under 50 bar of H,, to the corresponding aromatic deoxygenation products. The catalytic
hydrodeoxygenation of hydroxy-, amino-, and nitro-acetophenone derivatives was successfully
achieved with RuzsFe;sNPs@SILP, using the unmodified covalently bonded IL to silica, to produce
selectively alkyl phenols and anilines.?? The catalyst was also submitted the continuous flow
hydrodeoxygenation of 4-hydroxyacetophenone for over 6 h time-on-stream, demonstrating the
stability of this catalytic system. Similarly, the introduction of Co to the Ru NPs@SILP structure leading
to RUCoNPs@SILP catalyst changed the catalytic properties of pure Ru catalyst.”® RuUCONPs@SILP was
able to hydrogenate selectively benzylideneacetone to produce the aromatic hydrogenated product,

while pure Ru-based nanomaterial produced the fully hydrogenated product.

The reduction/decomposition of Ru complexes is a versatile procedure to anchor NPs onto supports,
these nanomaterials finding applications as catalysts for hydrogenation reactions. Ru NPs synthesised
from [Ru(n*-CsH12)(n%-CsH1o)] in the presence of nanographenes allowed to characterise the interaction
of the Ru NPs with these saddle-shaped molecules, a curved mimic of graphene sheets.®? It was
observed that nanographene interacts via mt-m interaction, and DFT calculations pointed to a metal-to-
ligand charge transfer, thus providing electron deficient metallic surfaces. Numerous aromatic
substrates were successfully hydrogenated with this type of catalyst at mild reaction conditions (10
bar H,, 50°C). [Ru(n*-CsH12)(n8-CsHio)] also generated small Ru NPs upon hydrogenation onto a
reduced-graphene oxide (rGO) followed by in situ modification of the Ru NPs with an NHC ligand

containing a pyrene-moiety (Figure 5).8% Hydrogenation of acetophenone was investigated using the
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so-obtained catalyst, displaying the beneficial effect of the modification with the NHC ligand, in terms
of activity and selectivity. Other substrates were also successfully hydrogenated using the NHC
modified catalytic system. Ru NPs were also anchored onto reduced-graphene oxide doped with N
(NH2-rGO) or reduced-graphene oxide (rGO) by using the same procedure, i. e. direct decomposition
of [Ru(n*CsH12)(n®CsH1o)] in the presence of the support.®* Due to their robustness, these catalysts
were applied in the hydrogenation of palmitic acid to 1-hexadecanol at 210°C under 100 bar H,. The
support and specifically the presence of N on it, had an impact on the Ru NPs structure and activity.
Ru/rGO NPs were larger and displayed lower catalytic activity than Ru/NH,-rGO. The hypothesis is that
the presence of amino and pyrrolic nitrogen atoms on the support not only conferred stability to the
catalyst, but also the basic sites played a role during catalysis by splitting heterolytically the H,. RuPt
NPs were also supported on NH»-rGO, by decomposing a mixture of [Ru(n*CsH12)(n8-CsH1o)] and [Pt(n?-
CsH10)3] under 3 bar of H, in the presence of NH,-rGO.8 Varying the Ru to Pt ratio was possible to
straightforwardly produce a series of alloyed RuPt catalysts, as well as the corresponding monometallic
counterparts. Synergetic effects between metals were not observed in the hydrogenation of
acetophenone, as monometallic Ru/NH,-rGO were the more active, but the bimetallic systems
displayed an interesting compromise between activity and selectivity. Pre-synthesised MNPs can also
be anchored onto a support in a subsequent step. This allows to compare the support effect onto the
catalytic performance of the nanomaterials, as the post-addition of the support does not affect the
initial properties of the NPs determined during their synthesis, thus, key properties -size, shape,
cystallinity, etc- are unaffected. Thus, Ru/PVP, Rh/PVP, and Pd/PVP were synthesised using the
organometallic approach and immobilized onto silica-coated magnetite, that was then modified with
ceria or titania, by a simple impregnation process.®® Ru based catalysts were selective towards
cyclohexanol in the phenol hydrogenation performed at 75°C under 6 bar of H.. Slight support effects

were observed, the titania-modified catalyst displaying the highest activity.
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Figure 5. TEM images and size distribution histograms of (a) Ru/rGO and (b) NHC modified Ru-rGO.

Adapted from .

Reduction of nitro molecules

Ru nanocatalysts prepared from [Ru(n*-CsH12)(n8-CsH1o)] in the presence of Ceo under H; using several
Ru/Ceo ratios, displayed electron poor Ru surfaces, as pointed out by Raman, XPS, EXAFS and CO
adsorption experiments.®® 5! This feature had an effect on the chemoselective hydrogenation of
nitrobenzene.!” Ru NPs supported on Ru-fulleride nanospheres hydrogenated successively and
chemoselectively nitrobenzene to aniline and then to cyclohexylamine. The reaction was studied at 30
bar of H, at 80°C in alcoholic solvents and was sensitive to the solvent used, proceeding faster in
methanol than in other alcohols. The reduction proceeded selectively on several substituted
nitroarenes, proving the scope of the nanocatalyst. DFT calculations confirmed that fullerene confers
to Ru an electro deficient character by charge transfer; also pointing to that the high selectivity of the
hydrogenation reaction is mainly governed by the presence of surface hydrides on the electron-
deficient Ru NPs. A ligand effect was also demonstrated in a subsequent work;® fullerene Ceo provides
unique electronic properties to the Ru nanocatalyst containing it, that enhances the catalytic
properties, providing a very efficient nitrobenzene reduction. Reactivity towards the hydrogenation of
nitrobenzene was used to assess the nature of the Ru species embedded on fullerene Ce0.2° By varying

the Ru/Ceo ratio and the reaction solvent during the Ru-Ceo synthesis, several Ru based nanostructures
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may be obtained including single atom, cluster, and NPs based materials. Nevertheless, at small sizes
it is difficult to distinguish between small clusters and atomic dispersed atoms. Catalysis results
compiled using several Ru-Cep nanostructures in the hydrogenation of nitrobenzene and 2,3-dimethyl-
2-butene in combination with the data from the characterization techniques and DFT calculations,
allowed to fully understand the nature of Ru-Cso, pointing that atomically dispersed Ru atoms were

possibly present at high Ru loading.

Electrochemical reduction of nitrobenzene was investigated with supported Ru NPs generated from
the direct hydrogenation of [Ru(n*-CsH12)(n8-CsHio)] in the presence of carbon nanofibers.?® After 15h
of electrolysis at -1 V vs. Ag/AgCl reduction of nitrobenzene towards azoxynitrobenzene was achieved

with 82.7% selectivity

Hydrogenation of carbon dioxide

CO; can be chemically reduced in the presence of H, and a catalyst. The CO, reduction may be a key
solution to both the reduction of the greenhouse effect, and the production of versatile C1 products
and hydrocarbons, which are of high interest as energy carriers, and feedstocks for the chemical
industry.’? Ru-based materials are able to dissociate CO, and can act as methanation or Fischer-Tropsch
(FT) catalysts, if CO is produced from CO; by reverse water-gas shift (RWGS), this tandem reaction can
produce methane or hydrocarbons directly from CO,. Even if Ru-based catalysts are very active for CO
reduction, the selectivity is low compared to that of other earth abundant metal-based catalysts. Co-
and Fe-based catalysts are selective for the Fischer-Tropsch reaction, while Ni is selective to produce
methane, and they are preferred for industrial implementation. In addition to that, Ru catalysts
promote the formation of acid formic/formate from CO,, thus adding more complexity towards a
selective catalysis. Nevertheless, heterogeneous Ru-based catalysts have been studied for the
reduction of CO2,*® even if homogeneous systems are still more performant.®> Works concerning Ru
based catalysts are relatively scarce, and most of them deal with the control of selectivity for this

process.® ILs have emerged as interesting stabilizing agents for Ru NPs as they can tune catalytic
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properties and provide thermal stability to the MNPs. In addition, the introduction of functional groups
in the ILs, different anions, and so on, can improve solubility of reactants and impact the catalytic
performance. Ru-based catalysts stabilized in various ILs have been investigated in CO, reduction,
exploring the effect of the nature of the IL and the addition of a second metal.?*% Firstly, [Rus(CO)12]
was combined with several ILs bearing basic anions;* producing selectively HCOOH from CO, at 60°C
and 40 bar of pressure (H,/CO; 1:1). The ILs stabilized the catalyst, facilitated the formation of
bicarbonate when using water, and buffered the reaction media. It has been possible to immobilize
the IL of interest on a resin, in order to isolate HCOOH easily from the reaction media. Taking into
consideration these results, complexity was added to the catalytic system by synthesizing bimetallic
NPs.%* 9 |In this study also, the IL had an important role tuning the selectivity, yet the introduction of
the second metal was key to produce methane or higher hydrocarbons. RuFe NPs were prepared co-
reducing [Fe(CO)s] and [Ru(n3-C4H7)2(n*CsH12)] in the presence of 1-butyl-3-methyl-1H-imidazol-3-ium
acetate (BMi.OAc), hydrophilic IL, or 1-butyl-3-methyl-1H-imidazol-3-ium
bis((trifluoromethyl)sulfonyl)amide, (BMi.NTf,), hydrophobic IL, under 3 bar of H, at 150°C.%* While
using the hydrophobic IL, BMi.NTf,, RuFe catalyst displays reactivity from both metals, Ru increases
the activity, and Fe increases the selectivity towards higher hydrocarbons through combination of
RWGS and FT. A different scenario was observed when performing the CO, reduction in DMSO/D,0
solution containing a hydrophilic IL based bimetallic system, RuFe-BMi.OAc, which produced
exclusively formic acid, in line with previous work.>* Monometallic Fe-BMi.OAc did not show any
activity in the studied reaction conditions, while monometallic Ru-BMi.OAc produced HCOOH in a
molar ratio of 1.18 HCOOH/IL. The addition of Fe into Ru had a positive effect of the activity (1.66
HCOOH/IL) displaying still exclusive formation of formic acid. The tuning of selectivity on CO, reduction
mediated by hydrophobic IL towards the synthesis of hydrocarbons via RWGS + FT, was further
investigated using bimetallic RuNi NPs.% [Ru(n3-CsH7)2(n*CsH12)], [Ni(n*-CsH12).] and a mixture of both
complexes using several Ru/Ni ratios were decomposed in BMi.NTf, to obtain the desired catalysts.

Hydrogenation of CO, was conducted at 150°C under 8.5bar of pressure (H,/CO, 4:1). The
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incorporation of the earth abundant metal onto Ru -Ni-BMi.NTf, was not active under this catalytic
reaction conditions; had a positive effect on the activity, as bimetallic systems displayed higher
conversions than the one obtained for Ru-BMi.NTf,, and modulated the selectivity towards CO and
higher hydrocarbons. Interestingly, the use of BMI.BF4, a hydrophilic IL, promoted the CO production,
thus enhanced RWGS. Ru/SILP catalysts were also explored in the reduction of CO,.%. A series of
catalysts were synthesised from [Ru(n3-CsH7)2(n*CsH12)] in which the SILP phase was varied in the
anion or in the functionalisation of the side chains. The anions, Br, OAc, OTf and NTf,, had hydrophilic,
hydrophobic, nucleophilic, and non-nucleophilic properties, and the side chains were neutral, basic,
and acidic (-CH,CHs, -NH,, -NEt;, -(CH2).S0sH). The catalytic reduction was performed at 100°C under
60 bar of pressure (H,/CO, 2:1) using a mixture of NEt; and water as a solvent. All catalysts were more
active than Ru@SiO,, which proved the beneficial effect of the introduction of the IL. CO, conversions
ranged from 5 to 18%, and TOFs from 33 to 280 h™!. Ru@SILP(SOsH-OAc) and Ru@SILP(SOsH-NTf,)
produced the highest TONs of the series, 1182 and 846, respectively. Further optimisation of the
reaction conditions allowed to observe TONs as high as 16100 using Ru@SILP(SOsH-OAc). The It was
pointed out that the presence of ammonium sulfonate species on the SILP had an important role to
regulate equilibria between the species at the surface and in solution, which enhanced the catalytic

properties.

Photothermal CO, methanation was achieved at 250°C using a combination of Ru NPs, which are active
and selective for CO, methanation, with Au NPs, which exhibit a plasmonic band and can transfer the
energy absorbed towards Ru NPs.”” Au NPs, synthesised from HAuCl; and oleylamine, were
immobilized in Siralox. In a second step, Ru NPs were synthesised on the supported Au NPs, by
decomposition of [Ru(n*-CsgH1,)(n®-CsH1o)] by H,. This catalytic system produced exclusively CHg, as no
other products were detected. This catalytic performance results from a synergetic effect between
metals; monometallic Au catalyst was inactive for the methanation of CO,, while monometallic Ru was

thermal and photocatalytic active towards this reaction, demonstrating that Ru is responsible for the
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catalytic activity. The introduction of Au to the Ru catalyst harvested the visible light absorption and

increased the production of CHa.

As a conclusion, catalysts based on Ru NPs display high performances in hydrogenation and
dehydrogenation reactions. Over time, the knowledge acquired from experimental results and
theoretical calculations allows nowadays to have in hands high performing nanocatalysts. The
understanding of the coordination of ligands and substrates, the addition of a second metal, or the use
of ILs or SILPs permit to provide specific and more performant catalytic systems. For instance, Ru-based
SILP are the result of the understanding on coordination chemistry onto Ru NPs, the effect of cations
and anions of ILs in catalysis, combined with the robustness that confers the support. On that way,
challenging substrates as CO, can be reduced with competitive activity and selectivity using Ru NPs
synthesized by the organometallic approach. It is worth noting, that the reverse is also true; catalytic
performances allow to understand metallic surfaces and help on the characterization of complex

systems, such bimetallic NPs.

Deuteration

Isotope labelling, particularly deuteration, is an important tool for the development of new drugs,
specifically for identification and quantification of metabolites. Many efficient methodologies have
been developed for the synthesis of selectively deuterated compounds, including hydrogen isotope
exchange (HIE).%®%° HIE is usually performed via a C-H activation, which allows to introduce the
deuterium into organic compounds at a late stage. Acid- or base-mediated hydrogen-deuterium
exchange reactions lack of selectivity and usually need harsher conditions than metal-catalysed ones.
Homogeneous phase using precious or earth abundant metals have dominated the research in this
domain, due to the mild reaction conditions in which they proceed and the scope and selectivity they
show. Nevertheless, heterogeneous catalysts have been described, typically based on precious metals,

Pt and Pd on carbon, that provide multi H/D exchange of arenes and heterocyclic amines using
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H,/D,0.%9! Recently, Ru® and Ir'® NPs have been investigated in HIE, with promising activity. Ru/PVP
NPs were efficient at H/D exchange, achieving the deuteration of pyridines, quinolines, indoles, and
alkyl amines using D, as deuterium source under mild reaction conditions (1-2 bar of deuterium gas at

room temperature or 55 °C).1°2 The methodology was extended to other substrates such as amino

104 105

acids and peptides,™™* and also oxazole, imidazole, triazole and carbazole substructures,”™ or
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oligonucleotides.'% Since the early finding,'%% efforts have been devoted to design better deuteration

106108 and the introduction of a second metal’® ° have been

nanocatalysts. Ligand effects
investigated. It has been demonstrated as well that Ru/C catalysts are efficient for HIE,!! and that
these supported catalysts can be modified by the introduction of an NHC, providing more selective
deuteration.? NHCs have proved to be excellent surface modifiers of Ru NPs to provide H/D exchange.
L-lysine was enantiospecifically deuterated in water using water soluble NHC-functionalized Ru NPs.2%”
Oligonucleotides were also deuterated using an NHC as surface modifier, which changed the catalyst

solubility, therefore, leading to an increase in the efficiency of the labelling process.®

The use of heterogeneous catalysis for deuteration reactions, and specifically colloidal NPs, is in its
infancy. Remarkably, the works aforementioned with Ru NPs have opened the door to this field, which

will probably flourish in the coming years.

Hydrogen evolution reaction

In this section, electrocatalytic and photocatalytic hydrogen evolution catalyzed by Ru NPs prepared
by the organometallic approach will be described. Renewable production of hydrogen through water
splitting (2H,0 = 2H, +0,) is a key target to reach the carbon neutral energy. One remaining challenge
in this technology is to have at disposal high-performing and robust catalysts for both WS half

reactions, oxygen evolution (OER) and hydrogen evolution (HER).

Electrocatalytic HER
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The use of MNPs in electrocatalytic reactions is a very appealing approach, as electrodes can be easily
functionalized from colloidal inks containing dispersed MNPs, by drop-casting or electrospray
deposition. The use of nanoparticles as catalytic species has the benefit to expose more active sites

compared to heterogeneous electrodes.

Ruthenium has demonstrated that it can be competitive vs. usual Platinum for the electrocatalytic HER.
As a consequence, publications focusing on the use of Ru NPs for this reaction have increased
exponentially,?*® %4 since 2016. In all studies described herein, [Ru(n*-CsH12)(n%-CsH1o)] was used as the
metal precursor, this complex easily yielding very small Ru NPs upon mild hydrogenation conditions.

In all cases, a soft passivation of the Ru NPs led to a Ru/RuQ; core/shell structure, as demonstrated by

XPS or WAXS analyses.
a b ° P, ia

Y = -20 1 o 0

S\ \N / - /I
\ N~ & :\)\\ /:\ C> NE o /I &
} H2 (3 bar) j /“‘ . T. X \ é -60 9 ’l sz

' & L 7 \ N - i

N / 1| 0.2 eq4-Phpy /THF \ <) ™80 - s

| overnight, R.T. Ru@F:l?ZPP-GC
> E | 20

p

Figure 6. a) Synthesis of 4-phenylpyridine-capped Ru NPs (RuPP) by the organometallic approach. b)

N,
s n -0.1 -005 0 0.05 01
A\ ,g 5] il?uPP GC

-140 :

-0.2-01 0 01 0.2 03 04 05 06
E (V) vs. RHE

Linear sweep voltammetry of RuPP before (dashed line) and after (solid line) applying a reductive
potential in 1M H,S0O4. Reprinted (adapted) with permission from 33, Copyright 2018 American

Chemical Society.

To start with, 4-phenylpyridine-capped Ru NPs (RuPP) of 1.5 nm in size were found as a highly efficient
electrocatalyst for HER (Figure 6 a).!'® The performance was evaluated in both 1 M H,SO; and 1 M
NaOH electrolytes upon deposition of the RuPP colloidal ink onto a rotating glassy carbon electrode.
According to XPS, applying a reductive potential yielded a back reduction of the Ru/RuO; core/shell
structure to pure Ru?, keeping the ligand at the metal surface. After such an activation process, this

catalyst is one of the best reported for HER. With an overpotential of nio of 25 mV, TOF of 17 st at
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=100 mV and a stability for more than 12h at j = -10 mA-cm™ it is even superior to the Pt/C reference
(see Figure 6 b). These experimental observations were corroborated by DFT calculations, using as
model a Russ nanocluster where the m-coordination of 4-phenylpyridine (that is preferred to o-
coordination), steric hindrance and hydrides at the Ru surface were considered. DFT-calculated
dissociative adsorption Gibbs free energy AGy= (in kcal/mol) of some selected hydrides were found to
lie on the top of the Volcano plot at 0 kcal/mol, thus indicating that the Ru-H strength is ideal to yield

catalytic hydrogen evolution.>®

One key factor to boost the performance of Ru NP-electrocatalysts is to use a support to facilitate the
electron transfer between the NPs and the electrode. There is another advantage in terms of stability
and dispersibility: the use of supports prevents agglomeration of the NPs under turnover conditions,
thus allowing to maintain the catalytic activity over several hours without changes in the morphology

of the catalyst. Carbonaceous supports are often used for this purpose.

Ru NP-modified carbon microfibers have been used as homemade working electrodes for HER.!!®
Electrodes containing 0.5 wt% of Ru were prepared by two different ways: in-situ, by direct synthesis
of the Ru NPs from [Ru(n3-C4H7)2(n*CsH12)] on top of the carbon fibers and ex-situ, by impregnating
the carbon fibers with a colloidal suspension of pre-formed RuPP NPs. Also, two types of fibers have
been investigated: commercial pristine carbon fibers (pCF) and functionalized carbon fibers with
carboxylic groups (fCF) obtained after an oxidation treatment. This led to four different electrodes: in-
situ Ru@pCF and Ru@fCF, and ex-situ RuPP@pCF and RuPP@fCF, all presenting small Ru NPs (1.0-1.8
nm) at their surface. Evaluation of these Ru-modified carbon fibers as working electrodes for HER was
performed in 1 M H,S0.. Different stability and activity were found, as the result of the effect of 4-PP
ligand and the support on the RuNP activity. Performance of ex-situ materials, with overpotentials 110
of 225 mV for RuPP@pCF and 180 mV for RuPP@fCF was found higher than that of in-situ materials,
highlighting a positive influence of the 4-phenylpyridine ligand on the catalytic activity of the Ru NPs,

as previously observed for non-supported RuPP system. RuPP@pCF showed remarkable stability
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attributed to the m-interaction between 4-phenylpyridine ligand and the pristine carbon fibers, which

is disfavoured by carboxylic functional groups of fCF.

The use of alginate-derived graphenes as supports of Ru NPs for the electrocatalytic hydrogen
evolution has also been studied.'’” Following in-situ synthesis conditions, bare graphene (G) and
phosphorous-doped graphene (P-G) yielded supported Ru/RuO, NPs with a mean size of 1.9 nm (Ru/G)
and 1.5 nm (Ru/P-G), respectively. Performances of both catalysts have been compared in 1 M H,S0..
Nanoparticles in Ru/G were found better dispersed than Ru/P-G. This difference is likely due to the
higher exfoliation of G according to the ECSA values obtained (19.6 cm? for G and 3.6 cm? for P-G),
which could provide a better performance for Ru/G material. Electrochemical activation of Ru/G and
Ru/P-G by reduction of the RuO; layer at j = -10 mA-cm™ ended-up with ni0 overpotentials of 29 mV
and 15 mV for the bare and P-doped electrodes, respectively. Unexpectedly given the ECSA values
measured, Ru/P-G gave a higher activity than Ru/G. Therefore, the P doping of the graphene in the
form of phosphates (as deduced from 3!P solid-state NMR data) induced an enhancement of the HER
performance in terms of overpotential and current density. Both catalysts showed a faradaic efficiency
of 97 and 98% and no deactivation signs upon 12h of chronopotentiometry at j = -10 mA-cm™,
Furthermore, TEM analysis indicated that the morphology of the Ru NPs was maintained in the applied

HER conditions.

Photocatalytic HER

The development of photocatalysts for the HER are still in its infancy. The photocatalytic activity
strongly depends on the nature of the catalyst and currently there are no efficient commercial devices
able to produce hydrogen from water under sunlight activation. Two unusual examples of
photocatalysts based on colloidal nanomaterials containing Ru NPs prepared by the organometallic
approach have been recently reported. Note that a comparison is precluded as no benchmarking

protocol to compare photocatalytic HER has been described to date.
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The photocatalytic version of the HER, using as catalyst the abovementioned 4-phenylpyridine
functionalized Ru nanoparticles, was achieved by depositing the RuPP NPs onto a semiconductor
material (TiO,) by a simple impregnation step, followed by the grafting of a molecular visible-light
absorbent, [Ru(bpy).(4,4'-(POsH,).(bpy))ICl. complex, onto Ti0,.® The so-obtained hybrid
nanomaterial was able to produce 417 mol Hy/mol Ru under visible light irradiation with a Xe lamp in
pH 7, using triethanolamine as sacrificial electron donor. Interestingly, the photocatalytic activity could
be kept for more than 90h prior to deactivation. A complete photophysical study by transient
absorption spectroscopy allowed to identify the rate-determining step of the photocatalytic process.
It also highlighted the two different roles of TiO; in the process: a role of support preventing the NP
coalescence under turnover conditions, and a role of electron-transfer mediator between the RuPP
NPs and the molecular photoabsorbent anchored onto the TiO; surface. These results differ from

previous works!?®

reporting that Ru NPs were poorly active or inactive for the photocatalytic HER in
the presence of [Ru(bpy)s]** derivatives, because the electron-transfer mediator between the

photosensitizer and the catalyst was not obvious. Only photosensitizers with long-lived excited states

are able to inject electron to the catalyst, otherwise back-electron transfer processes hamper the HER.

Naked Ru NPs onto carbon nanoallotropes (CNMs) in synergy with mesoporous graphitic carbon nitride
(mpg-CN) were studied in the photocatalytic HER under visible light irradiation.'?® 12! The naked Ru
NPs were formed in situ by hydrogenation of [Ru(n3-C4H)2(n*CsH12)] onto a carbonaceous support
among four different ones tested: OD nanohorns (CNH), 1D single walled carbon nanotubes (CNT), 2D
reduced graphene oxide (rGO) and 3D graphite (GP). The so-obtained Ru-based carbon materials (Ru
NPs@CNMs) were then physically mixed with mpg-CN at different ratios. Ru NPs were also directly
synthetized onto mpg-CN (leading to Ru NPs@mgp-CN) for comparison purpose. Dispersions of all
these materials were prepared in aqueous triethanolamine solution before exposure to visible light,
all of them evolving hydrogen under the stated conditions. Ru NPs@mgp-CN showed less hydrogen
production than any Ru NPs@CNMs/mgp-CN (137 pmol-h®-g? vs. 197 pmol-ht-g? for Ru

NPs@CNT/mgp-CN), even when incorporating 4-phenylpyridine ligand during the synthesis to boost
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the activity of the nanoparticles (155 umol-h™-g™). These results indicate that the CNMs play a key role
on the electron-transfer processes that can be ascribed to their electrical conductivity properties.
Although all materials are excellent supports for Ru NPs, with large surface areas and easy versatility,
the observed differences in photocatalytic activity are not significant enough to have pertinent
conclusions about the support effect. On the other side, analysis of the different ratios of Ru
NPs@CNMs onto mgp-CN resumed in finding two competitive effects during the photocatalytic
process. If at a higher ratio of Ru NPs one can expect to have a higher catalytic activity as the result of
more Ru active sites present, it can be also expected that less light will be absorbed by mpg-CN due to
the coverage by the Ru NPs. This was confirmed as a higher amount of H, was evolved at higher %Ru
but higher TON was achieved for the lower metal loading. Remarkably, these materials also showed

high stability under the applied photocatalytic conditions, with no sign of deactivation over 75h.

Ru NPs synthesized by the organometallic approach provided pertinent catalytic systems to replace Pt
for the electrocatalytic and photocatalytic HER. The presented case studies concern Ru NPs stabilized
by an organic ligand, a carbonaceous support or both. The ligand and support were shown to be key
factors to access highly performant catalysts. Some of the examples described display superior activity
than commercial Pt/C, the RuPP electrocatalyst being among the state-of-the-art catalysts for the HER.
In order to precisely understand the role of the ligand, comparison studies using other ligand-capped
Ru NPs need to be performed. Combining electrochemical performance, characterization data by
complementary analytical techniques together with computational modelling should help to
rationalize the ligand effect and define the most appropriate ones for a performant HER. Choosing a
support can be crucial for the performance as it can improve the stabilization of the NPs by avoiding
aggregation and also enhancing the electron transfer processes. If the field is in exponential
development, the design of functional cells to produce low-priced green hydrogen by electrocatalytic
HER still needs further development of catalysts in terms of efficiency and roughness. This is even more
right for photocatalytic HER, a domain that is only at its infancy. To sum up the results described above

evidence the interest of the organometallic approach to develop performant Ru-based electrocatalysts
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and photocatalysts for HER, even if the size effect remains unexplored. The same synthesis approach

can be followed to develop also electrocatalysts for OER.12

Miscellaneous reactions

This section presents other organic transformations for which Ru NPs synthesized by the

organometallic approach have been implemented as catalysts.

Aerobic oxidation of hydrocarbons is a common green route to avoid highly pollutant oxidants. The
main obstacle to overcome during aerobic oxidation is the lack of selectivity, linked to the harsh
conditions, that often leads to mixture of products including alcohols, ketones, epoxides, aldehydes or
carboxylic acids. Recently, one example of solvent-free oxidation of cyclic alkenes by Ru NPs stabilized
by ionic liquids has been described. Ru NPs functionalized by BMIm.BF4 (ca. 1-2 nm in size) deposited
onto morphologically different TiO, supports (nanoparticles, nanotubes and nanofibers) have been
shown of interest for the oxidation of cyclohexene and 2,3-dihydro-1H-inden-1-one.'”® Among the
different nanomaterials tested, Ru NPs supported onto TiO, nanofibers (Ru/TiO,NFs) showed the best
efficiencies. In comparison, Ru/TiO, nanoparticles and Ru/TiO; nanotubes showed only 92 and 84%
conversion, respectively. The Ru/TiO;NFs catalyst also provided 95% conversion in the allylic oxidation
of cyclohexene, with 78% selectivity towards 2-cyclohexen-1-one at 75°C under 4 bar of O,. In the
allylic oxidation of indane, it also achieved 70% conversion with 85% selectivity towards 1-indanone.
The high performance observed with Ru/TiO;NFs is supposed to be related to the surface morphology,
pore size and surface area of the support. The catalyst was found recyclable for 5 runs. This example

paves the wave for industrial compounds green oxidation.

Ru NPs prepared by hydrogenation of [Ru(n*-CsH12)(n®-CsH10)] in the presence of SNS tridentate pincer-
type ligands have been found to efficiently catalyze the reduction of the greenhouse gas N,O into N.1%*

Reaction conditions applied comprise the use of different hydrosilanes as reductant and mild reaction
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conditions (1 bar N,O, 55-65 °C) (Figure 7). This also provided potentially useful Si-O containing

derivatives as the result of the oxidation of the silanes.
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Figure 7. Reduction of N,O on Ru/SNS ligands using silanes.

A multifunctional nanomaterial composed of a silica support covalently functionalized by copper N-
heterocyclic carbene (NHC) complexes and Ru NPs, Ru NPs@SiO,-[Cu-NHC], was found active and
selective for the one-pot two-step catalytic synthesis of a wide range of allylamines and alkylamines,
that are important products in the fine chemical and pharmaceutical industry.’?® The molecular
approach followed to prepare this material consisted in two steps. The Ru NPs were formed in situ by
hydrogenation of [Ru(n3-C4H-)2(n*-CsH1,)] previously impregnated onto the SiO, support. Then, the the
(1-butyl-3-(3-(triethoxysilyl)propyl)-2,3-dihydro-1H-imidazol-2-yl)copper(l) chloride complex, [Cu-
NHC], was covalently chemisorbed onto Ru NPs@SiO; by a silanization procedure. Deep analytical
investigation (HRTEM, STEM-HAADF, NMR, XPS, etc.) evidenced that the immobilized molecular
[Cu-NHC] complex was responsible for the atom-efficient A3 coupling of amines, formaldehyde, and
terminal alkynes, while the selective hydrogenation of the resulting propargyl amines was catalyzed
by Ru NPs. Catalyst activity and selectivity remained fairly constant for three catalytic cycles, with a
slight decrease in hydrogenation activity with time. This innovative Ru-based nanomaterial highlights

a new generation of nanoparticles immobilized onto a molecularly modified support which, in the
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reported work, significantly reduced the number of side reactions, separation, and purification steps
usually required in conventional multistep approaches. This work opens the way to the development
of multifunctional catalytic systems capable of performing complex reaction sequences in one pot

conditions.

Formic acid (FA) can be obtained by the hydrothermal conversion of CO with H,0, but this reaction
usually requires very high pressures (>100 bar) and temperatures (>200°C) and days to complete. The
formation of formic acid by a catalytic semi-water-gas shift reaction (SWGSR) in mild conditions using
supported RuFe NPs embedded in an ionic liquid (IL)-hybrid silica as catalyst has been reported.?® Two
nanomaterials were prepared following a two-step procedure. First, a reduction/decomposition of
[Ru(n3-C4H7)2(n*-CsH12)] and Fe(CO)s complexes under H, atmosphere was performed in BMIm-as
solvent and stabilizer. Then, the RuFe NPs were embedded into an IL-hybrid silica (SILP-OAc or SILP-
NTf,) following the method presented in Figure 4, leading to RuFeNPs@SILP of ca. 1.0 nm in size in
SILP-NTf; and ca. 2.1 nm in SILP-OAc. The smaller size of NPs observed on the SILP-NTf; support derives
from its hydrophobic nature and weak cation—anion interaction strength (Im—NTf,), which prevents
the aggregation of RuFe NPs. The larger NP size obtained with the SILP-OAc support can be explained
by an hydrophilic effect and strong cation—anion interaction strength (Im—OAc) that may cause
aggregation. The location of the alloy RuFe NPs on the silica was also found to strongly depends on the
nature of the anion. With hydrophilic SILP-OAc, RuFe NPs were more exposed to the support surface
than with the hydrophobic SILP-NTf, support. However, a higher catalytic activity was obtained using
the hydrophobic support. The RuFe NPs in the SILP-NTf, were found to be very active for the selective
conversion of CO to free FA, in an aqueous solution of imidazolium-based IL and under mild conditions
(10 bar CO and 80°C), with a turnover number of up to 1269. In a comparison study with monometallic
systems prepared in same conditions, no FA was detected on FeNPs@SILP-NTf, catalyst but FA was
formed in a significant amount (turnover number of 174) on the Ru@SILP-NTf, one. This work clearly
showed that the combination of Ru with Fe into the RuFe @SILP-NTf, nanomaterial led to a significantly

increased activity for the selective production of FA as the result of the dominance of SWGSR thanks
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to a positive metal dilution effect. The Fe/SILP-NTf, system can be seen as a catalytic membrane,
controlling the access and local concentration of the reactants/products to the active site and expelling
the free FA to the aqueous phase. This work proposes a promising alternative for the production of

free FA, in which the water is the hydrogen source, as opposed to the direct hydrogenation of CO..

The implementation of Ru NPs was shown to be also advantageous in a few reactions for which they
are not usually applied. The results obtained with TiO,-supported Ru NPs in aerobic oxidation of
hydrocarbons showed high efficiencies in mild conditions and revealed an effect of the morphology,
pore size and surface area of the support on the catalytic performance. The combination of Ru/SNS
NPs with silanes led to the reduction of NO; to N, while furnishing Si-O compounds, highlighting a
double interest of the procedure applied. A hybrid catalyst, RuFe NPs-imidazolium-based IL- silica, gave
rise to the selective production of formic acid by carbonylation of water, in an aqueous solution of IL
and under mild reaction conditions. In this study, besides a synergy between the two metals, the
hydrophobicity of the IL appeared to be a key-parameter for the catalytic semi-water-gas shift reaction.
All these results highlight the interest of Ru NPs for other types of reactions than traditional

hydroconversion catalysis, as also described above for deuteration and hydrogen evolution reactions.

Conclusions and perspectives

In this chapter we have reported on the recent advances in the investigation of catalytic properties of
Ru NPs synthesized via the organometallic approach. In the last years, hydroconversion catalysis was
the most studied topic using this type Ru NPs that are reputed to display very small sizes, narrow size
distributions as well as well-defined compositions and structural features. The hydroconversion
section describes the catalytic transformation of different families of substrates for the production of
compounds that present an industrial interest for applications in the domains of fine chemistry or fuels.
The results show that Ru NPs display high performances in hydrogenation and dehydrogenation

reactions of compounds that contain alkynyl, olefinic or carbonyl groups. The common objectives in

33



the reported studies were to find appropriate reaction conditions in order to achieve high selectivity
while keeping efficient reactivity at mildest temperature and hydrogen pressure as possible, for green
and cost concerns, and the Ru tested NPs proved to be pertinent systems to achieve the target
compounds. Another interest of the described works is the coupling of experimental results and
theoretical realistic views of the nanocatalysts. Comparatively to the areas of homogeneous and
heterogeneous catalysis, such a strategy is quite recent in nanocatalysis but it progressed in the last
years. This development relies on the use of powerful computational tools that permit to determine
the surface state and the surface reactivity of metal nanoparticles on the basis of precisely defined
model systems that mimic well the nanoparticles investigated in catalysis. The understanding of the
coordination of ligands and substrates at the NP surface, or that of the addition of a second metal,
provided pivotal information on the catalytic behaviour of Ru NP systems. Also, the use of supports
like ILs or of SILPs conditions, that are known to provide robust catalytic systems, allowed to achieve
specific and performant Ru-based catalytic systems for hydrogenation catalysis. Thus, reduction of CO;
was shown feasible using as catalyst SILP-supported Ru NPs synthesised by the organometallic
approach with competitive activity and selectivity. Knowing that the reduction of CO2 is a challenging
reaction for which only a few heterogeneous catalysts have been described in the literature and not

Ru-based although this metal is highly performant in homogenous catalysis, this result is promising.

Electrocatalytic hydrogen evolution is another application for which Ru NPs have been investigated in
the last years, which led to the rebirth of Ru for this challenging reaction. Aiming at producing hydrogen
-usable as a fuel or energy vector- through the splitting of water molecules, HER is seen as a promising
alternative to the consumption of fossil fuels. Ru NPs synthesized by the organometallic approach
provided competitive catalytic systems to classical Pt catalysts. Studies of the effect of stabilizing
ligands and functionalized-carbonaceous supports indicated they are key factors to achieve
performant catalysts. Today, the phenylpyridine-stabilized NPs above mentioned count among the
state-of-the-art catalysts for HER. However, there is a lack of comparative studies on ligand-capped

and supported-Ru NPs, thus precluding a comprehensive rationalization of ligand and support effects.
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This needs to be performed in order to accurate their role onto the electrocatalytic mechanism and
also stability of the NPs in reaction conditions, another key feature before envisaging applications.
Collect electrochemical and analytical characterization data -including in operando conditions-
together with computational studies, should contribute to the design of appropriate catalysts for a
performant and durable HER. If the electrocatalytic HER is an attractive solution to face energy
concerns, the design of cells to access hydrogen, in an efficient but inexpensive way, requires to have
competitive and robust catalysts compared to Pt ones used presently in electrolizers. Light-driven HER
studies have been also investigated with Ru NP-based catalytic systems derived from the
organometallic approach. For this purpose, the Ru NPs were associated with a photoabsorbant and a
conducting material, that led also to interesting perspectives. However, more work is needed in order
to improve and control the electron exchanges that are at the basis of this nature-inspired concept. To
sum up the interest of the organometallic approach to develop performant Ru-based electrocatalysts
and photocatalysts for HER has been evidenced, with pertinent results on the influence of ligands and

supports, but the study of the NP size effect remains unexplored.

The implementation of Ru NPs was shown to be also advantageous in a few reactions for which they
are not usually applied. The deuteration reaction using D, or D,0O as the source of deuterium is a
valuable application as it allows to access deuterated compounds that are of pharmaceutical or
biological interest. The use of heterogeneous catalysts for this reaction is quite rare, and more
specifically concerning colloidal NPs. The remarkable results obtained with Ru NPs in mild reaction
conditions should attract more research efforts in this field in the near future, pushed by the industrial
needs. Ru NPs were also reported as active catalysts for the aerobic oxidation of hydrocarbons with
high efficiencies in mild conditions. The reduction of NO to N, with the subsequent formation of Si-O
compounds, as the result of the oxidation of the silanes used as reductants, also illustrates well the
potential of Ru nanocatalysts for green oxidation reactions in mild conditions. The last example
concerns the use of an hybrid RuFe NPs-imidazolium-based IL-silica catalytic system, that allowed the

selective production of formic acid by carbonylation of water, in agueous and mild reaction conditions.
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In this catalytic semi-water-gas shift reaction, synergy effects between the two metals have been
evidenced, together with that of the hydrophobicity of the IL on the catalysis results. The different
works described in the last section of this chapter emphasize the catalytic performances of Ru NPs in
non-typical reactions compared to hydroconversion catalysis for which ruthenium-based systems are
already recognized. This may derive from the knowledge acquired from the implementation of Ru NPs
in hydrogenation or hydrogenolysis catalysis, that may render them attractive to achieve other

catalysis objectives.

It is worth to note that nanoparticles of other metals than ruthenium and prepared by the
organometallic strategy, have been also published by different research groups from academia sector,
interested in having well-defined MNPs for studying structure/properties correlations in catalysis. The
surface chemistry of MNP is nowadays better understood, not only because of the compilation of
numerous experimental data but also that of computational ones. If the combination of experimental
and theoretical results was shown to be a success for the design of more performant catalytic systems
the reverse is also true. Probing catalytic performances is also a pertinent way to understand metallic
surfaces and complete the characterization of complex systems, such as bimetallic NPs. The recent
advances provide a solid basis to investigate new catalytic processes on the metal surface and explore
how these can be affected by the stabilizing molecules and/or supports. We believe that inspiration
taken from the concepts of the different fields of catalysis (homogeneous, heterogeneous and
enzymatic) will contribute to the development of highly performant nanocatalysts and stable enough
to be recycled at long operating period of time without loss of activity/selectivity. This is a prerequisite
to a greener catalysis, and to contribute to the challenges our modern society face in terms of

environment, energy and economy.
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