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In this review, the current state of the art in the synthesis of soluble-Ru, Co and Fe-nanoparticles stabilised
by organic molecules is described. Polymers are widely applied for the synthesis of soluble-Ru, Co and
Fe-NPs, whereas the application of surfactants, ionic liquids and small molecules is much more limited.

The recent applications of soluble-metal NPs as catalysts in the Fischer-Tropsch synthesis are described.
The application of soluble-metal nanocatalysts in the Fischer-Tropsch reaction using water, ionic liquids

and high boiling point organic solvents is reviewed showing that higher activities and selectivities than
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those obtained using conventional supported catalysts can be achieved.

© 2011 Published by Elsevier B.V.

1. Introduction

An ever-increasing interest is devoted to chemical species of
nanometric size [1-11]. Metal nanoparticles (M-NPs) are in this
respect of special interest, due to their many properties which may
be exploited [12]. M-NPs display optical, magnetic, electronic and
catalytic properties and are currently applied in catalysis and other
chemical processes, biology, microelectronics or nanoelectronics.

Since the properties of the M-NPs are in general size dependant,
it is essential to control their size in order to reach a monodis-
perse assembly of particles exhibiting the desired features [1-11].
In addition, it is important to control their organization to be able
to address the particles in selected devices. Furthermore, a large
proportion of the atoms present in a NP are situated at the surface
and therefore, the chemical and physical properties of the NPs will
be strongly influenced by the nature of the surface species. In this
context, the method used for the synthesis of the M-NPs and the
nature of the stabilising agents are of critical importance and will
be described in this review.

* Corresponding author. Fax: +34 977 559563.
E-mail address: carmen.claver@urv.cat (C. Claver).

0920-5861/$ - see front matter © 2011 Published by Elsevier B.V.
doi:10.1016/j.cattod.2011.11.025

Catalysis is one of the most important application of M-NPs
[1-11,13]. As catalysts, these systems show a great potential
because of the high ratio of atoms remaining at the surface, and
which are therefore available for acting in the chemical trans-
formation of the substrates. The recovery of the M-NPs catalysts
are currently carried out by three approaches: (a) colloidal M-NPs
in a biphasic media, (b) nanofiltration and (c) supported M-NPs.
Concerning colloidal M-NPs, stabilizating agents such as polymers,
ionic surfactants, ionic liquids and small molecules containing coor-
dinating atoms are currently utilised as protective agents to prevent
the M-NPs aggregation and/or to facilitate catalysts recycling.

Concerning the Fischer-Tropsch reaction (Scheme 1a), the most
active metals are ruthenium followed by iron, nickel, and cobalt
and in terms of selectivity, the molecular average weight of
the produced hydrocarbons decreased in the following sequence:
Ru>Fe>Co>Rh>Ni>Ir>Pt>Pd [14]. Ru and Rh are too expen-
sive and Ni catalysts produce too much methane under practical
conditions. Thus, only Fe and Co display appropriate catalytic char-
acteristics for industrial application. However, some examples of
Ru were reported at laboratory scale. Although at low conversions,
the activities of Fe and Co are comparable, the productivity at
higher conversion is superior using Co-based catalysts. Concern-
ing their selectivity, both metals (Fe and Co) display similar chain
growth cababilities at relatively low temperatures (ca. 473-523 K)
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Scheme 1. Fischer-Tropsch synthesis and water gas shift equilibrium.

[15]. Water generated by the Fischer-Tropsch synthesis slows the
reaction rate on Fe to a greater extent than on Co catalysts, and
the water-gas shift reaction is more significant on Fe than on Co
catalysts (Scheme 1b).

In this review, the different synthetic methods to obtain col-
loidal Ru®, Co% and Fe®-NPs are described and their catalytic
applications in Fischer-Tropsch processes are presented.

2. Synthetic methods for the preparation of colloidal metal
nanoparticles

The methods used to synthesise M-NPs are commonly classi-
fied as “top-down” and “bottom-up” approaches (Scheme 2). The
top-down approach is subject to drastic limitations for dimen-
sions smaller than 100 nm. This size restriction and the high cost of
this approach make the bottom-up approach the most promising
strategy. The bottom-up approach approximation consists in the
synthesis of M-NPs starting from metallic molecules by “stabilisa-
tion of M-NPs procedures” [16].

Generally, M-NPs are unstable with respect to agglomeration
towards the bulk since at short interparticle distances and in the
absence of any repulsive effect, the van der Waals forces will
attract two M-NPs to each other favouring their agglomeration
[7,13,17,18]. Hence, it is necessary to use capping agents to pro-
vide stable M-NPs in solution. Nanocluster stabilisation is usually
discussed in terms of two general categories: (i) electrostatic sta-
bilisation and (ii) steric stabilisation.

Ionic compounds such as halides, carboxylates, or polyoxoan-
ions, in solution (generally aqueous) can perform electrostatic
stabilisation of M-NPs [7,13,17,18]. The presence of these com-
pounds and their related counter-ions surrounding the metallic
surface will generate an electrical double-layer around the M-NPs
(Fig. 1, left). This results in a Coulombic repulsion between the M-
NPs. If the electric potential associated with the double layer is
high enough, then the electrostatic repulsion will prevent particle
aggregation. Colloidal M-NPs stabilised by electrostatic repulsion
are very sensitive to any change in the medium that enables to
disrupt the double layer.

In the case of steric stabilisation, organic molecules which
present coordinating groups in its molecular structure can prevent
M-NPs aggregation by providing a protective layer (Fig. 1, right)
[7,13,17,18]. In contrast with the electrostatic stabilisation, which
is mainly used in aqueous media, the steric stabilisation can be used
in organic or in aqueous phase. Nevertheless, the length and/or the
nature of the macromolecules used influence the thickness of the
protective layer and can thus modify the stability of the colloidal
M-NPs. It has been reported that M-NPs can also be stabilised by the
sole effect of the coordinating solvent molecules [19,20]. However,
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Fig. 1. Schematic representation of the electrostatic (left) and steric (right) stabili-
sation of M-NPs.

it has not been entirely established if other stabilising agents such
as anions or cations involved in the synthesis of the M-NPs could
also contribute to their stabilisation [21].

Finally, the electrostatic and steric stabilisation can be combined
to maintain M-NPs stable in solution [7,13]. This type of stabil-
isation is generally provided by ionic surfactants, which contain
a polar group able to generate an electronic double layer and a
lipophylic side chain able to provide steric repulsion.

An important variable in the synthesis of M-NPs is the use of
methods that allow control over the particle size and composi-
tion [7,13]. Furthermore, the synthetic approach has to produce
isolable and re-dissolvable M-NPs and it has to be reproducible.
Chemical methods provided a reproducible synthesis of M-NPs
with small size and narrow dispersion, and they are preferred to
the physical methods (Scheme 2). The selected chemical method
to synthesise M-NPs essentially depends on the metal oxidation
state of the molecular precursor [7,13]. If the metal centre in the
precursor displayed high oxidation states (M™"), strong reducing
agents are required to obtain the desired M-NPs. This reducing
agent can be the solvent, the stabiliser, a reducing gas such as CO
or Hy (Scheme 3a), hydrides such as NaBH4 (Scheme 3b) or other
reducing agents.

The organometallic approach to synthesise M-NPs through
ligand displacement was developed by Chaudret and co-
workers [7,10,11,13]. The advantage of this methodology is the
possibility to obtain M-NPs with clean surfaces by decompo-
sition of organometallic precursors, usually low valence state
organometallic complexes, under mild conditions. Furthermore,
this methodology also offers the possibility to stabilise M-NPs with
ahigh degree of control on the size, shape and surface environment.

Organometallic precursors can be decomposed by ligand
deplacement using H, as a reducing gas (Scheme 4) [11].
The ideal precursors are zerovalent olefinic metal complexes,
such as [Ru(COD)(COT)] (COD: 1,5-cyclooctadiene, COT: 1,3,5-
cyclooctatetraene). However, these procedures can also be carried
out by decomposition of organometallic complexes which contain
other types of ligands that can be displaced by hydrogenolysis. For
instance, precursors such as [Rh(n3-C3Hs)3], [Co(n3-CgH13)(m*-
CgH12)], [Rh(-OMe)(COD)],, Co[N(SiMes )2 ], and Fe[N(SiMe3)z ]2
were successfully utilised [11]. M-NPs were also synthesised
by decomposition of zerovalent carbonylic complexes, such as
[Ru3(CO)12], [Co2(CO)g] and [Fe(CO)s] [22,23].

3. Stabilisers used for the synthesis of colloidal
Ru-nanoparticles

3.1. Polymers

The stabilisation of metal-NPs by polymers, and in particular
polyvinylpyrrolidone (PVP), has been largely described since this
stabilising agent is non-toxic and soluble in many polar solvents
[24]. These polymers are characterized by their molecular weight,
which is referred to as PVP K-n (n=15, 30 or 90) in this review
(Fig. 2).

Chain-like Ru-NPs arrays of 1.0-3.0nm in diameter and
~280nm in length were synthesised by H; reduction (ca. 10 bar) of
RuCl3 in presence of PVP (K-15, K-30 and K-90) at 80°C in aqueous
media (entries 1-3, Table 1) [25,26].

The morphology of these Ru-NPs could be varied from long
chain-like to cross-linked arrays by adjusting some of the reaction
conditions such as the average molecular weight of PVP and the
molar ratio of PVP monomer to Ru. These M-NPs were described
as microreactors in the aqueous/organic hydrogenation of arenes,
since in this system PVP provides a hydrophobic microenviron-
ment that prevents the nanoparticles from aggregation in water.
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Scheme 2. Schematic representation of the preparative methods for the synthesis of M-NPs.
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Scheme 3. Synthesis of M-NPs by reduction of MCl, precursor (a) using H, as the reducing agent, and (b) using NaBH, as the reducing agent.
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Fig. 2. Polymers used as stabilising agents in the synthesis of Ru-NPs.

The high activity of these Ru-NPs catalysts for the hydrogenation
of arenes was explained by the fact that catalyst and substrates
are confined in the hydrophobic pocket formed by the microreac-
tor, which enhances the contact between them. With this protocol,
fast aqueous/organic hydrogenation of arenes, olefins and carbonyl
compounds can be achieved using this Ru/PVP-NPs microreactor
system [25,26].

Kou and co-workers reported the synthesis of water-soluble
Ru-NPs stabilised by PVP K-30 by reduction of RuCl; (entries 4-5,
Table 1) and studied the effect of the PVP K-30/Ru ratio (20, 40 and
200) and the reduction method: (a) 20bar H; at 150°C, and (b)
addition of NaBH4 at room temperature [27]. They observed that
the M-NPs diameter is mainly affected by the PVP K-30/Ru ratio,
2.0nm and 1.8 nm for PVP/Ru ratio of 40 and 200, respectively.

Table 1
Ru-NPs synthesised by reduction of RuCl; in presence of polymers.
Entry Stabilising agent Reducing agent Solvent Ru-NPs size Ref.
1 PVP K-15 H; (10bar) at 80°C H,0 1-3nm [25,26]
2 PVP K-30 H; (10bar) at 80°C H,0 1-3nm [25,26]
3 PVP K-90 > (10bar) at 80°C H,0 1-3nm [25,26]
4 PVP K-30 H; (20bar) at 150°C H,0 1.8-2.0nm [27]
5 PVP K-30 NaBH,4 addition at r.t. H,0 1.8-2.0nm [27]
6 PVP K-30 H; (20bar) at 150°C H,0 1.9nm [28]
7 PVP K-30 NaBH4 addition at r.t. H,0 2.2nm [28]
8 PVP K-30 N,H,4 addition at r.t. H,0 1.8nm [28]
9 Low sulfonate content lignin H, (20bar) at 150°C H,0 1.9nm [28]
10 Polyaniline grafted to lignin H, (20bar) at 150°C H,0 3-6nm [28]
11 PVP K-30 Ethyleneglycol (EG) EG 1-6nm [29]
12 PVP K-30 Photoreduction H,O/EtOH 1.3nm [31]
13 FDU-15 H, flow at 350°C or HCOONa at 100°C H,0 1.7-1.8nm [32]
14 Polystyrene (PSt) NaBH, addition at r.t. H,0 16.0nm [33]
15 Poly(4-vinyl-pyridine) (PVPy) NaBH, addition at r.t. H,0 1-2nm [34]
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Scheme 4. Synthesis of Ru-NPs versus molecular complex by decomposition of
[Ru(COD)(COT)] precursor through ligand displacement and reduction with dihy-
drogen.

Interestingly, the Ru-NPs synthesised using H; as reducing
agent provided much higher activity in the aqueous-phase
Fischer-Tropsch synthesis than those synthesised using NaBHg.
Furthermore, they reported also the synthesis of Ru-NPs stabilised
by PVP modified with imidazolium salts (Fig. 2) and their applica-
tion as nanocatalysts in the Fischer-Tropsch process [27]. However,
lower activities than those obtained with the Ru/PVP K-30-NPs
were obtained.

Recently, our research group studied the effect on the Ru-NPs
mean diameter and size distribution of the stabilising agent (PVP vs.
lignins) and the reduction method: (a) 3-20 bar H, at 60-150°C, (b)
addition of NaBH4 at room temperature, and (c) addition of NoHy at
room temperature (entries 6-10, Table 1) [28]. Using a PVP/Ru ratio
of 20, NyHy (ca. 1.8 nm) reduction of RuCl; produced smaller Ru-
NPs than with H; (ca. 1.9 nm) and NaBHy (ca. 2.2 nm) (entries 6-8,
Table 1). Using Hy as reducing agent, no significant effect on the
mean diameter of the Ru-NPs was observed by varying the hydro-
gen pressure (ca. 3, 10 and 20bar) and the reaction temperature
(60, 120 and 150°C). As previously mentioned, the use of higher
PVP/Ru ratio (ca. 200) produces smaller Ru-NPs (1.6-1.7 nm). Com-
mercially available low-sulfonate content lignin (Fig. 2) stabilised
Ru-NPs of similar mean diameters and size distributions than those
obtained using PVP K-30, whereas larger Ru-NPs (ca. 3-6 nm) were
obtained using polyaniline grafted to lignin (Fig. 2) as stabilising
agent (entries 9-10, Table 1).

Ru-NPs stabilised by PVP K-30 were synthesised by reduction of
RuCls in polyols (ethylene glycol, diethylene glycol and triethylene
glycol) [29]. The polyol acts as a solvent, reducing agent and sta-
bilising agent [30]. Using this methodology, it is possible to control
the growing of the NPs in order to obtain a wide range of Ru-NPs
sizes (ca. 1-6 nm) (entry 11, Table 1) [29]. Ru-NPs of 1.3 nm were
synthesised by photoreduction of RuCl; promoted by ketyl radicals
in presence of PVP K-30 (entry 12, Table 1) [31].

Ru-NPs of 1.7-1.8 nm stabilised by the polyphenol FDU-15
(Fig. 2) were synthesised by reduction of RuCl; in presence of a
H, flow at 350°C or by addition of HCOONa at 100°C (entry 13,
Table 1) [32]. The Ru/FDU-15-NPs catalysts are active in the hydro-
genation of arenes providing comparable TOFs to those obtained
with the Ru/PVP-K90-NPs. Ru-NPs of 16.0nm were obtained by
chemical reduction of RuClz using NaBH,4 as reducing agent and
monodisperse polystyrene (PSt) (Fig. 2) microspheres as stabilisers
(entry 14, Table 1) [33]. These NPs were applied as nanocatalyst in
the generation of H, from alkaline solution of NaBH4. Ru-NPs of
1-2 nm were synthesised by NaBH,4 reduction of RuCls; in presence
of poly(4-vinyl-pyridine) (PVPy) (Fig. 2) as the stabiliser (entry 15,
Table 1) [34]. These nanocatalysts were applied in the hydrogena-
tion of quinoline.

The synthesis of y-alumina supported Ru/PVP K-30-NPs was
reported by: (a) immobilization of the PVP-stabilised Ru-NPs onto
the support, or (b) in situ deposition of Ru-NPs, e.g., reduction of
RuCl3 with ethyleneglycol (EG) in the presence of the y-alumina
[29a]. Ru-NPs were also synthesised by alcohol reduction of RuCl3
in presence of PVP/3-zeolite [35]. These NPs are effective cata-
lysts in the hydrogenation of benzene. Ru-hydroxyl-terminated
poly(amidoamine) (PAMAM-OH)/Al, O3 catalysts were synthesised
by chemical reduction of RuCl; through H, treatment at 300 °C[36].

A e

N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl)
Tetra-butylammonium salts ammonium salts

TBA HEA-16-X

Fig. 3. Surfactants used as stabilising agents in the synthesis of Ru-NPs.

This approach produced Ru-NPs with a narrow particle size distri-
bution. Recently, the synthesis of PVP chemically grafted onto silica
and their application in the stabilisation of Ru-NPs was described
[37]. The Ru-NPs were synthesised by chemical reduction of RuCl;
at room temperature using NaBH,4 as reducing agent in presence of
PVP on silica. The size distribution of the Ru-NPs was 2.0-5.0 nm.
These Ru-NPs exhibit excellent catalytic activity for the hydrogena-
tion of arenes [37].

Polymers can also be used in the synthesis of Ru-NPs by lig-
and reduction and displacement from organometallic precursors.
[Ru(CgH2)(CgHyg)] reacts rapidly with H; (ca. 1-3 bar) at room
temperature in an organic solvent to give Ru-NPs and cyclooctane
(Table 2) [38-43]. Using this methodoly, Ru-NPs were obtained in
the presence of polymers, such as PVP K-30, nitrocellulose (NC)
or cellulose acetate (CA) (Fig. 2). The Ru-NPs mean diameters
and size distributions depend on the nature of the polymer and
the metallic precursor-polymer ratio [38-41]. Using this method,
small Ru-NPs were prepared in PVP K-30 (ca. 1.1nm) and NC
(ca. 1.3nm) (entries 1-2, Table 2). In both cases, the Ru-NPs dis-
played very low size dispersity. In contrast, the reaction in CA
produced larger Ru-NPs (1.7 nm) displaying a broader size disper-
sity, which evidences the influence of the nature of the polymer
and of its coordination ability on the stabilisation of the Ru-NPs
(entry 3, Table 2). Water soluble Ru-NPs of 1.9 nm were synthesised
by decomposition of [Ru(CgHi3)(CgH1g)] with 3 bar H, at room
temperature using polyethyleneglycol modified (mod-PEG) with
azamacrocycles (Fig. 2) as stabiliser (entry 4, Table 2) [42]. Ru-NPs
of 2.5nm and 1.9 nm were obtained by solid-state decomposition
of [Ru(CgH13)(CgH1p)] in presence of a polymer as stabilising agent
such as polystyrene (PSt) and poly(methylmethacrylate) (PMMA)
(Fig. 2), respectively (entries 5-6, Table 2) [43].

3.2. Ionic surfactants

A typical approach to stabilise M-NPs in the aqueous phase
and to prevent their aggregation is the use of surfactants, such
as tetraalkylammonium salts. In 1997, water-soluble Ru-NPs were
stabilised by tetrabutylammonium (TBA) salts (Fig. 3) by reduction
of RuCls using H, as reducing agent [44]. These NPs were success-
fully applied in the hydrogenation of 2-methoxy-4-propylphenol
under a biphasic medium.

More recently, the use of ionic surfactants as stabilising agents
for the synthesis of water-soluble M-NPs and their application as
catalysts in arene hydrogenation in pure biphasic liquid-liquid
(water/substrate) media at room temperature was intensively
studied [45]. In the case of Ru, small NPs (2.5-3.5 nm) were synthe-
sised by chemical reduction of RuCl; using NaBH,4 as reducing agent
and 2 equiv. of N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl) ammo-
nium chloride salt (HEA-16-Cl) as stabiliser (Fig. 3) [45e]. These
Ru/HEA-16-CI-NPs were shown to be active in the hydrogenation
of various aromatic compounds with moderate to high activi-
ties. Furthermore, water-soluble Ru-NPs stabilised by mixtures of
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Table 2

Ru-NPs synthesised by decomposition of [Ru(CgH12)(CgH1o)] in presence of polymers and 1-3 bar H,.
Entry Stabilising agent Solvent Ru-NPs size Ref.
1 PVP K-30 THF 1.1nm [38-41]
2 Nitrocellulose (NC) THF 1.3nm [38-40]
3 Cellulose acetate (CA) THF 1.7nm [38-40]
4 Polyethyleneglycol modified (mod-PEG) with azamacrocycles THF 1.9nm [42]
5 Polystyrene (PSt) - 2.5nm [43]
6 Poly(methylmethacrylate) (PMMA) - 1.9nm [43]

HEA-16-Cl and cyclodextrins (CD) were obtained by reduction of
RuCl; using NaBH,4 as reducing agent [46]. These particles are
monodisperse in size with an average diameter of about 4.0 nm.
Interestingly, these Ru-NPs were found to be more active in the
hydrogenation of arenes than those stabilised only by HEA-16-CL.
These results were explained by the possible interaction of the CD
with the surfactant at the surface and the organic substrate [46].

3.3. lIonic liquids

M-NPs are obtained by simple reduction of transition-metal
compounds dissolved in imidazolium ionic liquids (IL) in the pres-
ence of molecular hydrogen (Fig. 4) [47]. The size of “soluble” metal
nanoparticles is directly related to the ionic liquid self-organization
and thus can be tuned by modulating the reaction temperature,
length of the N-alkyl imidazolium side chains or anion volume [48].
M-NPs in imidazolium ILs are stabilised by protective layers of dis-
crete supramolecular species {[(DADx(X)x—n]™[(DADx—n(X)x]""}n
(DAI=dialkylimidazolium cation and X anion) through interactions
of anionic moieties and N-heterocycle carbenes [49]. These weakly
surface-bound protective species could be easily displaced by other
substances presentin the media affecting their catalytic activity and
stability against aggregation and/or oxidation [50].

Concerning the Ru-NPs, their synthesis was performed using
different metallic precursors ([Ru(CgHi2)(CgHyo)], [Ru(CgH12)(2-
methylallyl), ], RuO,) using H, (ca. 4bar Hy) as reducing agent
at 75°C and several different imidazolium cations (1-n-butyl-3-
methylimidazolium [BMI], 1-n-decyl-3-methylimidazolium [DMI],
and 1-butyronitrile-3-methylimidazolium [(BCN)MI]) and anions
(PFg-NTf,-BF,) as stabilising agents (entries 1-11, Table 3) [50-53].
These Ru-NPs are monodisperse in size with an average diameter
of 2.0-3.0nm and they are efficient catalysts in the hydrogena-
tion of arenes. These Ru-NPs can be used in biphasic, homogeneous
and heterogeneous hydrogenation of arenes and they were active
under mild reaction conditions. Interestingly, the reactions per-
formed under solventless (heterogeneous) conditions were found
to be faster than those performed with the NPs dispersed in IL
(biphasic system), which was explained by the influence of mass-
transfer-processes typical of a multiphase system. As an alternative
procedure, Ru-NPs of 1.6, 2.0 and 1.6nm were synthesised by
decomposition of [Ru3(CO)iz] in presence of [BMI-BF4] using
microwave irradiation, photocatalytic treatment and thermal treat-
ment at 155°C (entries 12-14, Table 3) [54].

Other types of ionic liquids, 1,1,3,3-tetra-methylguanidinium
(TMG) and tri-hexyl-tetradecylphosphonium (THTdP) salts (Fig. 4),
were also applied as stabilising agents for the synthesis of
Ru-NPs [55-57]. Ru-NPs of 2.0-5.0nm and 1.2 nm were synthe-
sised by H, reduction (ca. 10-30bar) of RuCl3 at 150-220°C in
presence of a mixture of 1,1,3,3-tetramethylguanidinium lactate
(TMGL)-SBA-15 and 1,1,3,3-tetramethylguanidinium trifluoroac-
etate ([TMG]|TFA])-montmorillonite (MMT)[55,56]. Recently, Zeng
and co-workers described the synthesis of highly dispersed
PtRu-NPs on composite film of multi-walled carbon nanotubes
(MWNTs)-IL trihexyltetradecylphosphonium bis(trifluoromethyl

sulfonyl) imide (THTdP-NTf,) using ultrasonic-electrodeposition
method [57].

3.4. Small molecules

Small molecules, in general used as ligands in coordination
chemistry, containing donor atoms in their structure can also
be effectively used as stabilising agents for the synthesis of Ru-
NPs. Generally, the synthesis was carried by decomposition (3 bar
H, at room temperature) of [Ru(CgH12)(CgH1o)] in presence sub-
stoichiometric quantities of this type of molecules [11].

It was demonstrated that thiols (2.0-3.0nm), amines
(2.0-3.0nm), alcohols (3.0 nm), silanes (2.3 nm) and phosphorus
donor compounds (1.3-4.0nm) were able to stabilise Ru-NPs
[11,58-61]. These Ru-NPs catalysed the hydrogenation of arenes
under milder reaction conditions than the classical heterogeneous
catalysts and in several cases higher levels of selectivity were
achieved [58].

4. Stabilisers used for the synthesis of colloidal
Co-nanoparticles

4.1. Polymers

Co-NPs of 7.2 + 2.1 nm stabilised by PVP K-30 (Fig. 5) were pre-
pared by NaBH,4 reduction of CoCl,-6H;0 in methanol solution at
80°C (entry 1, Table 4) [62]. These Co-NPs were soluble in water
and they were applied as catalysts in the hydrogen generation
from the hydrolysis of ammonia-borane and NaBH4. Kou and co-
workers reported the synthesis of water-soluble Co-NPs stabilised
by PVP K-30 using KBH,4 as reducing agent and their application
as nanocatalysts in the Fischer-Tropsch process (entry 2, Table 4)
[63]. Kou and co-workers also described the synthesis Co-NPs of
size range 15-30 nm by thermal decomposition of [Co,(CO)g] using
squalene and toluene as a solvents and PVP-C8 (Fig. 5) as stabilising
agent (entry 3, Table 4) [64]. This Co-NPs were successfully tested
in the Fischer-Tropsch reaction. Recently, we were focussed in the
synthesis of Co-NPs stabilised by PVP K-30. We studied the effect of
the PVP K-30/Co ratio (20, 40 and 200) and the synthetic methodol-
ogy: (a) reduction of metallic salts, and (b) thermal decomposition
of [Co,(CO)g] [28]. We observed that the PVP K-30/Co ratio as well
as the synthetic methodology highly affected the mean diameter
and size dispersion of the produced Co-NPs (ca. 2-5nm) (entries
4-5, Table 4).

The synthesis of water-soluble Co-NPs stabilised by alkyl
thioether end-functionalized poly(methacrylic acid) (PMAcDDT)
was carried out by reduction CoCl,-6H,0 using NaBH4 as reduc-
ing agent (entry 6, Table 4) [65]. The authors observed that the size
of the spherical nanoparticles could be tuned between 2 and 7.5 nm
by changing the concentration of the polymer.

Water-soluble Co-NPs of 3.5 + 1.0 nm stabilised by the perflu-
orinated sulfo-cation membrane (MF-4SK) were synthesised by
reduction of CoCl,-6H,0 using NaBH4 as reducing agent (entry 7,
Table 4) [66]. The synthesis of Co-NPs of 5.3-6.3 nm stabilised by
microcrystalline cellulose (MCC) (Fig. 5) matrix was carried out by
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Fig. 4. lonic liquids used as stabilising agents in the synthesis of Ru-NPs.
Table 3
Ru-NPs stabilised by imidazolium ionic liquids.
Entry Metallic precursor Stabilising agent Synthetic procedure Ru-NPs size Ref.
1 [Ru(CgH12)(CsHio)] 1-n-Butyl-3-methylimidazolium H, (4bar)at 75°C 2.6 nm [50]
hexafluorophosphate [BMI-PFs]
2 [Ru(CsH12)(CgHi1o)] 1-n-Butyl-3-methylimidazolium tetrafluoroborate H, (4bar)at 75°C 2.6nm [50]
[BMI-BF,4]
3 [Ru(CgH12)(CsHip)] 1-n-Butyl-3-methylimidazolium trifluoromethane H; (4 bar) at 75°C 2.6 nm [50]
sulfonate [BMI.CF3S03]
4 [Ru(CgH12)(CsHio)] 1-n-Butyl-3-methylimidazolium N-bis(trifluo H; (4 bar) at 50°C 2.6 nm [51]
romethanesulfonyl)imidate [BMI-NTf; ]
4 [Ru(CgHj2 )(2-methylallyl), ] 1-n-Butyl-3-methylimidazolium N-bis(trifluo H, (4bar) at 50°C 2.1nm [52a]
romethanesulfonyl)imidate [BMI-NTf; ]
5 [Ru(CgHjz )(2-methylallyl); ] 1-n-Butyl-3-methylimidazolium tetrafluoroborate H; (4bar) at 50°C 2.9nm [52a]
[BMI-BF4]
6 [Ru(CgHj2)(2-methylallyl), ] 1-n-Decyl-3-methylimidazolium N-bis(trifluoro H, (4bar) at 50°C 2.1nm [52a]
methanesulfonyl)imidate [DMI-NTf; |
7 [Ru(CgHj2 )(2-methylallyl), ] 1-n-Butyl-3-methylimidazolium tetrafluoroborate H; (4 bar) at 50°C 2.7nm [52a]
[BMI-BF4]
8 [Ru(CgHj2 )(2-methylallyl); ] 1-Butyronitrile-3-methylimidazolium-bis(tri- H, (4 bar) at 50°C 2.2nm [52b]
fluoromethane-sulfonyl)-imidate
[(BCN)MI-NTf, |
9 RuO;-3H,0 1-n-Butyl-3-methylimidazolium H, (4bar) at 75°C 2.6 nm [53]
hexafluorophosphate [BMI-PFg]
10 RuO,-3H,0 1-n-Butyl-3-methylimidazolium tetrafluoroborate H; (4 bar) at 75°C 2.6 nm [53]
[BMI-BF4]
11 RuO;-3H,0 1-n-Butyl-3-methylimidazolium H, (4bar)at 75°C 2.6 nm [53]
trifluoromethanesulfonate [BMI-CF3S03]
12 [Ru3(CO)12] 1-n-Butyl-3-methylimidazolium tetrafluoroborate Microwave irradiation 1.6nm [54]
[BMI-BF,4]
13 [Ru3(CO)12] 1-n-Butyl-3-methylimidazolium tetrafluoroborate Photocatalytic decomposition 2.0nm [54]
[BMI-BF,4]
14 [Ru3z(CO)12] 1-n-Butyl-3-methylimidazolium tetrafluoroborate Thermal decomposition at 155°C 1.6nm [54]

[BMI-BF,4]

reduction of Co(AcO),-4H,0 and CoSO4-7H,0 using NaH,PO, as
reducing agents (entry 8, Table 4) [67].

Co-NPs of 74+1nm were synthesised by thermal decompo-
sition of [Co,(CO)g] in presence of thermo-responsive polymers
(entry 9, Table 4) [68]. These polymers are based on poly(N-
isopropyl-co-t-butylacrylamide) (Fig. 5), synthesised to contain a
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thioether terminated with a carboxylic acid for interaction with
NPs surfaces. The as-prepared Co-NPs were water soluble below
25°C due to the conformational change of the polymer from
hydrophobic (at high temperature) to hydrophilic (at lower tem-
perature). Co-NPs were also synthesised by thermal decomposition
of [Co,(CO)g]in the presence of end-functional polystyrene bearing
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Fig. 5. Polymers used as stabilising agents in the synthesis of Co-NPs.
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Table 4
Co-NPs stabilised by polymers.
Entry Stabilising Agent Synthetic procedure Solvent Co-NPs size Ref.
1 PVP K-30 NaBH4 reduction of CoCl,-6H,0 at 80°C MeOH 7.2nm [62]
2 PVP K-30 NaBH,4 reduction of CoCl,-6H,0 at r.t. H,O0 Not specified [63]
3 PVP-C8 Thermal decomposition of [Co,(CO)s] Toluene-squalene 15-30nm [64]
4 PVP K-30 NaBH,4 reduction of Co salts at r.t. H,0 2.9-4.7nm [28]
5 PVP K-30 Thermal decomposition of [Co,(CO)s] Pentane-H,0 1.6-1.9nm [28]
6 PMAcDDT NaBH,4 reduction of CoCl,-6H,0 r.t. H,0 2.0-7.5nm [65]
7 MF-4SK NaBH4 reduction of CoCl,-6H,0 atr.t. H,0 3.5nm [66]
8 Microcrystalline cellulose (MCC) NaH, PO, reduction of Co salt at 80°C H,0 5.3-6.3nm [67]
9 Poly(N-isopropyl-co-t-butylacrylamide) Thermal decomposition of [Co,(CO)s] 1,2-Dichlorobenzene 7.0nm [68]
10 End-functional polystyrene (PSt-R) Thermal decomposition of [Co,(CO)s] 1,2-Dichlorobenzene 18-43 nm [69]
11 Polystyrene(PSt)-poly-4-vinyl-pyridine (PVPy) Li(C2Hs)3BH reduction of CoC1; at r.t. THF 1-5nm [70]
12 Polystyrene (PSt)-poly-4-vinyl-pyridine (PVPy) Thermal decomposition of [Co,(CO)s] Toluene 1-5nm [70]
13 Poly-(ethylene glycol)-block-poly(propylene Ethylene glycol (EG) reduction of CoCl, at 200°C EG 13nm [74]
glycol)-block-poly-(ethylene glycol)
(PEG-b-PPG-b-PEG)
14 PVP-K30 [Co(CsH13)(CsHi2)] under 3 bar H, at 60°C THF 1.5-2.0nm [39]
15 Poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO) [Co(CsH13)(CgHj2)] under 3 bar H, at 60°C THF 4.0nm [39]
16 P41BOBA Co[N(SiMes ), ], under 3 bar H at 60°C Toluene 3-14nm [75]

either amine (PSt-NH,), carboxylic acids (PSt-COOH) or phos-
phine oxide (PSt-Dioctylphosphine oxide, DOPO) ligating moieties
(Fig. 5) [69]. The resulting PSt-CoNPs displayed a wide range of
mean diameters (between 18 and 43 nm) and showed organiza-
tion of dipolar colloids into extended nanoparticle chains (entry 10,
Table 4). The synthesis of Co-NPs stabilised by amphiphilic block
copolymer micelles, such as polystyrene-poly-4-vinyl-pyridine
(PSt-4-PVPy) (Fig. 5), was also described (entries 11-12, Table 4)
[70]. These Co-NPs were synthesised: (i) by reduction of CoCl,
using Li(C,Hs5)3BH as reducing agent, and (ii) by thermal decom-
position of [Co,(CO)g]. The authors observed that the small Co-NPs
(ca. 1-5nm) were obtained by both methods. Similar procedures
were described for the synthesis of Co-NPs by thermal decomposi-
tion of [Co,(CO)g] in presence of polystyrene-poly-2-vinyl-pyridine
(PSt-2-PVPy) [71], polystyrene-b-poly(methylmethacrylate) (PSt-
b-PMMA) (Fig. 5) [72], poly[dimethylsiloxane-b-(3-cyanopropyl)-
methylsiloxane-b-dimethylsiloxane] (PDMS-PCPMSPDMS) [73].
The formation Co-NPs of 13 nm stabilised by block copolymer
poly-(ethylene glycol)-block-poly(propylene glycol)-block-poly-
(ethylene glycol) (PEG-b-PPG-b-PEG) (Fig. 5), a biocompatible
amphiphilic polymer, was carried out by solvothermal treatment
of ethylene glycol solution of CoCl, (entry 13, Table 4) [74]. These
Co-NPs could be dispersed in polar and nonpolar solvents.
Chaudret an co-workers reported the synthesis of Co-NPs by
decomposition of [Co(CgH13)(CgH12)] under 3 bar Hy at 60 °C. They
obtained Co-NPs of 1.5-2.0 nm and 4.0 nm using as stabilisers PVP
K-30 and poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO) (Fig. 5),
respectively (entries 14-15, Table 4) [39]. The same group reported
the synthesis of Co-NPs stabilised by liquid crystalline copolymer
P41BOBA (Fig. 5) by decomposition of Co[N(SiMes ), ], in presence
of the liquid crystalline copolymer under 3 bar of Hy at 150°C
(entries 16, Table 4) [75]. The authors observed that the BOBA:Co
ratio highly affected the shape and size of the obtained Co-NPs.
For equimolar BOBA:Co ratios, monodisperse spherical Co-NPs of
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dodecyl-N,N-dimethyl-3-ammonio-1-propanesulfonate
SB12

10+ 2 nm were obtained. When the BOBA: Co ratio was decreased
to 0.65, small spherical Co-NPs of 34+ 1 nm were formed together
with larger particles of 12 +3 nm mean size, while long reaction
times produced only well monodisperse spherical 14 +2 nm Co-
NPs.

4.2. lonic surfactants

Water-soluble Co-NPs of 4nm were synthesised by NaBHg4
reduction of CoCl,-6H,0 at room temperature in presence
of di-dodecyl-di-methylammonium bromide (DDAB) (Fig. 6)
[76]. Co-NPs of 7.5-9.0nm were formed by NaBH4 reduc-
tion at room temperature of CoCl,-6H,O0 in presence of
dodecyl-N,N-di-methyl-3-ammonio-1-propanesulfonate  (SB12)
(Fig. 6) [77]. 6.4nm Co-NPs with a polydispersity of 21%
were formed by NaBH4 reduction at room temperature of
[Co(OAT);] (OAT=(2-ethylhexyl)sulfosuccinate) [78]. Sodium
(2-ehtylhexyl)sulfosuccinate was formed during the reaction and
acts as a stabilising agent (Fig. 6).

4.3. Ionic liquids

Co-NPs were synthesised by thermal decomposition of
[Co,(CO)g] dissolved in different imidazolium cations (1-n-butyl-
3-methylimidazolium [BMI]|, 1-n-decyl-3-methylimidazolium
[DMI]) and anions (PFg-NTf,-BF4-FAP) as stabilising agents
(Fig. 7) [48b,79-82]. The authors observed that using 1-n-decyl-
3-methylimidazolium  N-bis(trifluoromethanesulfonyl)-imidate
[DMI-NTf;] as stabilising agent, Co-NPs with a binomial size
distribution were formed (794+17nm and 1143 nm, respec-
tively) (entry 1, Table 5). Using 1-n-decyl-3-methylimidazolium
trifluoro-tris-(pentafluoroethane) phosphate [DMI-FAP], Co-NPs
of 53422 nm were obtained after 5 min and longer reaction times
(ca. 300 min) produced Co-NPs of 5.5+ 1.1 nm (entry 2, Table 5).

@/W 038\<::
\/D/\/

Sodium (2- ethylhexyl )sulfosuccinate
NaOAT

Fig. 6. Surfactants used as stabilising agents in the synthesis of Co-NPs.
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Table 5
Co-NPs synthesised by decomposition of [Co,(CO)s] in presence of imidazolium ionic liquids.
Entry Stabilising agent Synthetic procedure Co-NPs size Ref.
1 1-n-Decyl-3-methylimidazolium N-bis(trifluoro Thermal decomposition at 150°C Binomial distr.: 11 nm and 79 nm [81]
methanesulfonyl)imidate [DMI-NTf; ]
2 1-n-Decyl-3-methylimidazolium Thermal decomposition at 150°C 53 nm (5min) [81]
trifluoro-tris-(pentafluoroethane)phosphate 5.5nm (300 min)
[DMI-FAB]
3 1-n-Decyl-3-methylimidazolium tetrafluoroborate Thermal decomposition at 150°C 4.5nm [80]
[DMI-BF4]
4 1-n-Butyl-3-methylimidazolium N-bis(trifluoro Thermal decomposition at 150°C 7.7nm [80]
methanesulfonyl)imidate [BMI-NTf; |
5 1-n-Butyl-3-methylimidazolium tetrafluoroborate Thermal decomposition at 100°C 14nm [54]
[BMI-BF4]
6 1-n-Butyl-3-methylimidazolium tetrafluoroborate Microwave irradiation 5.1nm [54]
[BMI-BF,4]
7 1-n-Butyl-3-methylimidazolium tetrafluoroborate Photocatalytic decomposition 8.1nm [54]
[BMI-BF,4]
triphenylphosphine were synthesised by LiBEt3H reduction of
@N\ CoCl; [85]. The thermal decomposition of [Co,(CO)g] in presence
/N\/ of a mixture of oleic acid/trioctylphosphine oxide produced Co-NPs
R eX of 4.5-9.5nm [87,89]. The decomposition of [Co(CgH13)(CgH12)]

Imidazolium salts

Fig. 7. lonic liquids used as stabilising agents in the synthesis of Co-NPs.

Interestingly, smaller Co-NPs with irregular shape were obtained
using as stabilising agents 1-n-decyl-3-methylimidazolium
[DMI-BF4] and 1-n-butyl-3-methylimidazolium [BMI] ILs
associated with NTf,~, FAP—, and BF4~ ions (entries 3-4, Table 5).

Co-NPsof5.1,8.1 and 14 nm were synthesised by decomposition
of the [Co,(CO)g] in presence of [BMI-BF4] using microwave irradi-
ation, photocatalytic treatment and thermal treatment at 100°C
(entries 5-7, Table 5) [54].

4.4. Small molecules

Small molecules containing donor sites, currently used as
ligands in coordination chemistry, were probed to be efficient
stabilising agent for the synthesis of Co-NPs [83-91]. These
type of Co-NPs could be synthesised by reduction of metal-
lic salts or decomposition of organometallic precursors, such as
[Coy(CO)g], [Co(CgH13)(CgH12)] and Co[N(SiMes ), |,. For instance,
Co-NPs of mean diameter 6.5-9.5 nm stabilised by oleic acid and

HO 0}
;/(/r JJH\/F
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,l)<?/l/ /l)\/r
n n n
PSt PE R=H PVP K-30
PIB R = Me

by H, reduction (3 bar) at room temperature in presence of a
mixture of oleic acid and octylamine, oleic amine and hexadecy-
lamine produced Co-NPs of 1.5, 4.0 and 25 nm, respectively [90].
The decomposition of Co[N(SiMes3),], by H, reduction (3 bar) at
150°C using hexadecylamine and lauric acid as stabilising agents
produced Co-NPs of about 4 nm and nanorods of 90 nm mean length
and 5.5 nm diameter.

5. Stabilisers used for the synthesis of colloidal
Fe-nanoparticles

5.1. Polymers

Fe-NPs of 6.0 + 1.3 nm were synthesised by NaBH,4 reduction of
FeCl3-6H,0 at pH 9.5 in the presence of polyacrylic acid (PAAc)
(Fig. 8) as stabilising agent and palladium ions as seeds (entries 1-2,
Table 6) [92]. The authors observed that at lower pH (ca. 8.75), Fe-
NPs of 59 nm were obtained. However, in the absence of palladium
ions, the mean diameter of Fe-NPs is 110 nm.

Fe-NPs of 1.6nm were formed by NaBH4; reduction of
FeCl3-6H,0 in the presence of poly(acrylic acid) (PAAc)/poly(vinyl
alcohol) (PVA) (Fig. 8) nanofibers as stabilising agent (entry 3,
Table 6) [93]. The same authors reported the synthesis of 1.6 nm
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Fig. 8. Polymers used as stabilising agents in the synthesis of Fe-NPs.
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Table 6
Fe-NPs stabilised by polymers.

Entry Stabilising agent Synthetic procedure Solvent Fe-NPs size Ref.

1 Polyacrylic acid (PAAc) NaBH4 reduction of FeCl;-6H,0 at r.t. H,0 110nm [92]

2 Polyacrylic acid (PAAc) NaBH, reduction of FeCl;-6H,0 and Pd ions as seeds atr.t. H,O 6.0nm (pH=9.5) [92]

59nm (pH=8.75)

3 Poly(acrylic acid) (PAAc)/poly(vinyl alcohol) (PVA)  NaBH4 reduction of FeCl;-6H,0 at r.t. H,0 1.6nm [93,94]

4 Poly(vinyl alcohol-co-vinyl acetate-co-itaconic NaBH4 reduction of FeCl;-6H,0 at r.t. H,0 15.5nm [95]
acid) (PV3A)

5 Carboxymethyl cellulose (CMC) NaBH4 reduction of FeSO4-7H,0 at r.t. H,0 18.1-94nm [96,97]

6 PolyFlo NaBH4 reduction of FeS04-7H,0 at r.t. H,0 10-30nm [98]

7 PVP K-30 Sonolysis of [Fe(CO)s | Octanol 3-8nm [99]

6 Poly(ethylene glycol)-400 (PEG-400) Sonolysis of [Fe(CO)s] Hexadecane 3nm [100]

8 Polyisobutylene (PIB) functionalized with Thermal decomposition of [Fe(CO)s ] Kerosene 8-20nm [101]
tetraethylenepentamine (TEBA)

9 Polyethylene (PE) functionalized with Thermal decomposition of [Fe(CO)s | Kerosene 16nm [101]
tetraethylenepentamine (TEBA)

10 Polystyrene (PSt) functionalized with Thermal decomposition of [Fe(CO)s] Kerosene 24-50 nm [101]
tetraethylenepentamine (TEBA)

11 Poly(2,6-dimethyl-1,4-phenyleneoxide) (PPO) Decomposition of Fe[N(SiMes ); |, under 3 bar H, at 110°C  Toluene 1.8nm [102]

Fe-NPs by NaBH,4 reduction of FeCl3-6H,0 in presence MWCNT-
incorporated PAAc/PVA nanofibers [94].

Fe-NPs of ca. 15.5 nm were synthesised by NaBH4 reduction of
FeCl3-6H,0 in presence of poly(vinyl alcohol-co-vinyl acetate-co-
itaconic acid) (PV3A), a non-toxic biodegradable polymer (entry
4, Table 6) [95]. Fe-NPs of 18.1£2.5nm and 94+25nm were
synthesised by NaBH, reduction of FeSO4-7H,0 in presence of
carboxymethyl cellulose (CMC) (Fig. 8) (entry 5, Table 6) [96,97].
Fe-NPs of 10-30nm were synthesised by NaBH, reduction of
FeSO4-7H,0 in presence of PolyFlo, a hydrophobic polymer resin
(entry 6, Table 6) [98].

Fe-NPs of 3-8 nm were synthesis by sonolysis of [Fe(CO)s] in
presence of PVP K-30 (Fig. 8) as stabilising agent (entry 7, Table 6)
[99]. Fe-NPs of 3 nm stabilised by poly(ethylene glycol)-400 (PEG-
400) (Fig. 8) were formed by sonolysis of [Fe(CO)s] (entry 7, Table 6)
[100]. Fe-NPs stabilised by polyisobutylene (PIB) (Fig. 8), polyethy-
lene (PE) (Fig. 8), or polystyrene (PSt) (Fig. 8) chains functionalized
with tetraethylenepentamine (TEBA) were synthesised by thermal
decomposition of [Fe(CO)s5] (entries 8-10, Table 6) [101]. PIB-TEBA
stabilised Fe-NPs of various sizes (ca. 8, 12, 18 and 20nm) as
a function of the ratio polymer/metal. Similar sizes (ca. 16 nm)
were obtained using PE-TEBA as stabilising agent whereas PSt-
TEBA produced larger Fe-NPs (ca. 24-50 nm). Fe-NPs of 1.8 nm were
synthesised by decomposition of Fe[N(SiMes),], under 3 bar Hy
at 110°Cin presence of by poly(2,6-dimethyl-1,4-phenyleneoxide)
(PPO) (Fig. 8) (entry 11, Table 6) [102].

5.2. lonic surfactants

Fe-NPs of 4.2nm were synthesised by LiBH, reduction of
Fe(BF4), in presence of N-dodecyl-N,N,N-tri-methylammonium
bromide (DTAB) (Fig. 9) [103].
5.3. lIonic liquids

Fe-NPs of 8.6, 7.0 and 5.2 nm were synthesised by decomposi-
tion of [Fe;(CO)g] in presence of 1-n-butyl-3-methylimidazolium

N-dodecyl-N,N,N-tri-methylammonium bromide
DTAB

Fig. 9. Surfactants used as stabilising agents in the synthesis of Fe-NPs.

tetrafluoroborate [BMI-BF4] (Fig. 10) using microwave irradia-
tion, photocatalytic treatment and thermal treatment at 100°C
(entries 1-3, Table 7) [54,104]. Fe-NPs of 3.00 4+ 0.80 nm stabilised
by 1-n-butyl-3-methylimidazolium tetrafluoroborate [BMI-BF4],
1-n-butyl-3-methylimidazolium hexafluorophosphate [BMI-PFg]
and 1-n-butyl-3-methylimidazolium N-bis(trifluoro methanesul-
fonyl)imidate [BMI-NTf,] were synthesised by sonolysis of
[Fe(CO)s] (entries 4-6, Table 7) [105]. Fe-NPs of mean diameters
between 1 and 3 nm stabilised by 1-butyl-1-methylpyrrolidinium
N-bis(trifluoro methanesulfonyl)imidate [BMP-NTf, ] (Fig. 10) were
synthesised by potentiostatic cathodic reduction of Fe[NTf;],
(entries 7, Table 7) [106].

5.4. Small molecules

Small molecules containing coordinating atoms were probed
to be efficient stabilising agent for the synthesis of Fe-NPs.
These type of Fe-NPs are synthesised by reduction of metal-
lic salts or decomposition of organometallic precursors, such as
[Fe(CO)s], [Fe(OAT)] (TOA = 2-ethyl-hexylsulfosuccinate), Fe(acac)s
and Fe[N(SiMes3), ), ].

For instance, Fe-NPs of 8 nm were synthesised by NaBH4 reduc-
tion of FeCl,-4H,0 using EG as a solvent [63]. Fe-NPs were also
synthesised by KBH4 reduction of FeCl3-6H,0 using H,0, EG and
H,O/EG mixtures as the reaction medium [107]. Smaller Fe-NPs
(ca. 3-8 nm) were formed using EG as a solvent than in H,O/EG
mixtures and H,0 (20-45 and 30-60 nm, respectively). Fe-NPs of
5-15nm were obtained by reduction of Fe salts, such as Fe(NO3)3,
FeCl; and FeSOy4, in presence of caffeine/polyphenols [108]. The
formation of Fe-NPs with caffeine/polyphenols occurs via the fol-
lowing steps: (i) complexation with Fe salts, (ii) simultaneous
reduction of Fe(Ill) capping with oxidized polyphenols/caffeine.

Fe-NPs of 4-9nm and 7-11nm were synthesised by react-
ing 4-MeCgH4MgBr with FeCl3-phosphine ligands and FeCl;-PEG,
respectively [109]. These Fe-NPs were successfully applied as
nanocatalysts for the cross-coupling of aryl Grignard reagents.
Fe-NPs of 2.67 +0.60 nm were prepared by reducing FeCl;3 with
organomagensium reagents in THF. These Fe-NPs were successfully
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Fig. 10. lonic liquids used as stabilising agents in the synthesis of Fe-NPs.
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Table 7

Fe-NPs stabilised by ionic liquids.
Entry Stabilising agent Synthetic procedure Fe-NPs size Ref.
1 1-n-Butyl-3-methylimidazolium tetrafluoroborate [BMI-BF4] Thermal decomposition of [Fe;(CO)y] at 100°C 5.2nm [54,104]
2 1-n-Butyl-3-methylimidazolium tetrafluoroborate [BMI-BF4] Microwave irradiation of [Fe;(CO)o] 8.6nm [54]
3 1-n-Butyl-3-methylimidazolium tetrafluoroborate [BMI-BF4] Photocatalytic decomposition of [Fe;(CO)g] 7.0nm [54]
4 1-n-Butyl-3-methylimidazolium tetrafluoroborate [BMI-BF4] Sonolysis of [Fe(CO)s] 3.0nm [105]
5 1-n-Butyl-3-methylimidazolium hexafluorophosphate [BMI-PFg] Sonolysis of [Fe(CO)s] 3.0nm [105]
6 1-n-Butyl-3-methylimidazolium N-bis(trifluoro Sonolysis of [Fe(CO)s ] 3.0nm [105]

methanesulfonyl)imidate [BMI-NTf; |

7 1-Butyl-1-methylpyrrolidinium N-bis(trifluoro Potentiostatic cathodic reduction of Fe[NTf; |, 1-3nm [106]

methanesulfonyl)imidate [BMP-NTf, ]

applied in the hydrogenation of alkenes and alkynes under mild
conditions [110,111]. Interestingly, the authors observed that the
Fe-NPs synthesised by NaBH,4 reduction of Fe salts (FeCls, Fe(acac)s,
Fe(NOs3 )3, FeSQy, FeCl,, FeBr,, Fel,, Fe(OAc); ) produced poor hydro-
genation activity.

Fe-NPs of 8nm and 2nm were synthesised by sonolysis of
[Fe(CO)s] in presence of oleic acid and tryoctylphosphine oxide,
respectively [99,112,113]. Fe-NPs of 3nm were synthesised by
NaBH4 reduction of Fe(OAT) ((2-ethylhexyl) sulfosuccinate) in
presence of trioctylphosphine oxide [114]. Fe-NPs of 15-20 nm
were synthesised by polyol reduction of Fe(acac)s; in presence of
oleic acid [115]. Fe-NPs of 5-7 nm were synthesised by decompo-
sition of Fe[N(SiMej3 ), ], under 3 bar H, at 150 °C using long-chain
amines and organic acids [102,116].

6. Fischer-Tropsch reaction: supported catalysts vs. soluble
nanocatalysts

Only Co- and Fe-based catalysts can be considered as practi-
cal for industrial application in FT synthesis [117]. The three South
African F-T plants currently use Fe based catalysts while Shell’s
Malaysian plant uses cobalt based ones[117]. Because Co is so much
more active than Fe, future plants aiming at diesel fuel production
will probably use Co based catalysts [117]. For the production of
the high value linear alkenes, however, Fe catalysts, operating at
high temperatures in fluidized bed reactors or at low temperature
for the conversion of coal-derived syngas will remain the catalyst
of choice. Concerning Ru based catalysts, their higher stability and
their superior catalytic performance under mild reaction conditions
make it attractive for their study at laboratory scale.

Supported catalysts and soluble nanocatalysts have been widely
investigated over the last 80 years or more [118]. The first type
presents the advantage of easy recycling of the nanocatalysts while
the second is expected to exhibit greater catalytic performances
since reducing the particle size of the catalyst to several nanometers
while maintaining the three-dimensional freedom of the particles
may in principle significantly increase the catalytic activity as well
as decrease the working temperature for the process.

Supported catalysts are the most widely employed type in
F-T. The most common supports are SiO, [119-131] and Al,03
[124,125,130,132-136]. Alternatively, other inorganic oxides such
as TiO, [119,124,137,138], charcoal supports such as carbon nano-
tubes (CNT) [119,134c,139,140], carbon nanofibers (CNF) [141],
activated carbon (AC) [119,142], and mesoporous materials such
as SBA [127], ZSM [143], HZSM [138b] and ITQ [144], have been
used.

In contrast with the traditionally supported M-NPs, the solu-
ble nanocatalysts are freely rotational and three-dimensional in
reaction systems. Thus, their metal-surface active sites are much
more accessible for the reactant molecules, which enhance their
activity [145]. Their synthesis and their successful application in
FT-processes was recently reported [27,28,63,64,80,81,107]. These
studies revealed that the catalytic performance of these systems is

highly affected by the nature of the stabilising agent and the sol-
vent as well as by the size and shape of the M-NPs. In this section,
after examining the results obtained using supported FT-catalysts,
the solvent and NPs size and shape effect will be described.

6.1. Supported catalysts

In Tables 8 and 9, the activity and selectivity obtained with the
traditional F-T catalysts are listed. Due of the large differences in
catalyst preparation methods and F-T reaction conditions reported,
it is very difficult to compare the catalytic results described in the
literature for each type of catalyst. In the next section, after exam-
ining the most general results obtained using each type of metal
catalysts, the most important trends reported in the literature are
described and ordered by metal and compared considering the
nature of the catalyst support.

The Ru/SiO, catalysts produced activities up to
1.22 mol¢o mollgl} h™' (entry 1 and 2, Table 8) [121,122]. In the case
of Co, the activities varied between 7.40 and 0.30 molco molg, h™"!
as a function of the nature of the support and the reaction temper-
ature (entries 3-7, Table 8) [123d,126,132,134g,136b]. The highest
activities were reported using CNF and Al,03 as supports. For Fe
catalysts, activities between 2.00 and 0.30 molco molz, h™" were
reported (entries 8-10, Table 8) [129e,139,146]. In terms of Cs*
selectivity, the Ru and Co supported catalysts are usually much
more selective towards Cs* products than their Fe counterparts
(entries 1-9 vs. entries 10-12, Table 9). In the case of Ru, C5* selec-
tivities up to 83 wt% were obtained using SiO, and AC supported
catalysts (entries 1 and 4, Table 9) [119]. In contrast, with TiO, and
CNT supported catalysts, lower Cs* selectivities were achieved (ca.
60 wt%) (entries 2 and 3, Table 9) [119]. For Co, C5* selectivities
up to 90 wt% were reported using supported catalysts onto SiO-,
Al,03, CNF and CNT (entries 5, 6, 8 and 9, Table 9) [126,134¢,140b].
It should be noted that much lower Cs* selectivities (30 wt%)
(entry 7, Table 9) were obtained when the Co/TiO, catalysts were
used [137b]. In the case of Fe nanocatalysts, higher Cs* selectivities
were achieved with Al,03 supported catalysts than with their CNF
and CNT counterparts (entries 10-12, Table 9) [136,139,142].

6.1.1. Ru supported catalysts

Claeys et al. observed that the addition of water over a Ru/SiO,
catalyst during FT led to a significant increase in product forma-
tion rates, significant lower methane selectivity and improvement
in chain growth [121]. Upon increasing water partial pressures,
the total product distribution shifted from Anderson-Schulz-Flory
(ASF) distributions to a much narrower distribution. An additional
product formation route by combination of adjacent alkyl chains to
form paraffins has been proposed. These findings were discussed
in connection with the crucial mechanistic role of water as a mod-
erator in the kinetic regime of the FT.

Dumesic et al. reported the catalytic conversion of glycerol to
syngas coupled with F-T in a two-bed reactor system that con-
tain a Pt-Re/C catalyst bed followed by a Ru/TiO, catalyst bed. This
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Table 8
Activities reported for metal supported FT catalysts.
Entry Catalyst T/°C Activity/molco moly ! h~! Ref.
1 Ru/SiO; 200 1.22 [121]
2 Ru/SiO; 150 0.19 [122]
3 Co/SiO, 200 2.75 [123d]
4 Co/SiO, 190 0.33 [126]
5 Co/Al,03 190 3.30 [132]
6 Co/Al,03 180 0.80 [134g]
7 Co/CNF 220 7.40 [141b]
8 Fe-Cu-K/SiO; 250 2.00 [129e]
9 Fe/CNT 220 0.73 [140]
10 Fe,03-K,0/Cu0O 250 0.30 [146]

combined process produced liquid alkanes with more than 40 wt%
of the carbon in the Cs* products [137]. Recently, Wang et al.
described a comparison between the catalytic performance of var-
ious Ru supported catalysts, such as Ru/SiO,, Ru/TiO;, Ru/ZrO,,
Ru/MgO, Ru/NaY, Ru/HY, Ru/H-beta, Ru/AC, Ru/graphite and
Ru/CNT under identical catalytic conditions [119]. They found that
Ru/CNT is a highly selective FT catalyst for the formation of C;9—-Cyq
hydrocarbons. The unique hydrogen adsorption properties and the
acidic functional groups on the CNT surfaces may both play a role
to form Cq9—Cyg products by mild hydrocracking of heavier hydro-
carbons. Both the C;9-Cyq selectivity and the TOF for CO conversion
were found to depend on the mean size of the Ru-NPs, with a size of
approximately 7 nm exhibiting the best Cy¢ selectivity and higher
TOF.

6.1.2. Co supported catalysts

Miseo et al. demonstrated that the control of support/surface
interactions is a key parameter for obtaining optimum disper-
sions, reducibility, and metal distribution in FT catalysts [123e].
They described several examples of improvements in Co/SiO, and
Co/TiO, dispersion by varying synthetic parameters and stabilis-
ing methods. Tennant et al. reported the use of Co/SiO, to develop
a slurry-phase reactor which is incorporated into an integrated
gasification and combined cycle complex in order to coproduce
electricity, fuels, and chemicals [123d]. Shull et al. described the
preparation of a series of Co-Ru-Zr/SiO, catalysts in order to gain
understanding on the effects of calcination temperatures on their
stability and activity in FT [123a]. When the catalysts were calci-
nated at lower temperature (ca. 300 °C) in the presence of chlorine,
lower crystallite size and thus better catalytic activity in FT were
achieved. Le Courtous et al. used a channel microreactor with a
wall-coated Co/SiO, catalyst in FT and reported that with this
method, only moderate Cs* selectivity was achieved [123b]. Asami
etal. described the production of iso-paraffin-rich hydrocarbons via
isomerisation and/or hydrocracking of the primary FT hydrocarbon
products using a Co/SiO, FT catalysts [126]. A mixture of a small
amount of zeolite, Pd/zeolite and Co/SiO, enhanced the formation

of C4-Cqq iso-paraffins and reduced the yield in higher molecu-
lar hydrocarbons by selectively cracking these hydrocarbons. The
effect of mesoporous support structure and cobalt content on Co-
NPs dispersion and reducibility was studied by Griboval-Constant
using Co/SBA-15 and Co/SiO, FT catalysts [128]. Higher FT reaction
rates with no changes in the hydrocarbon selectivity were observed
using Co/SBA-15. Sun et al. studied the stability of a Co/ZrO,/SiO,
catalystin the FT as a function of time on stream [123f]. At long time
on stream, the catalyst showed a significant decrease in CO conver-
sion, while the hydrocarbon distribution hardly changed during the
experiment. The deactivated catalyst was partially regenerated by
flowing H; at 400 °C. Using XRD, FT-IR and TGA, hydrated Co-silica
mixed species were identified. Thus, the cause of deactivation was
proposed to be partly due to the formation of inactive hydrated sili-
cate between Co metal and silica in presence of high partial pressure
of water. Baumgartner reported that at high conversion in F-T, thus
under hydrothermal conditions, the formation of a Co-silica mixed
oxide was induced, thus causing the deactivation of the catalyst
[123c]. Fujimoto et al. investigated the influence of solvent on the
selectivity to a-olefins as a function of the carbon number in the
solvent using a Co/SiO, FT catalyst[127]. Hydrocarbons including n-
hexane, n-octane, n-decane, n-dodecane, n-hexadecane, iso-octane
and decahydronaphthalene were used as solvents. No clear effect
on the catalytic activity or chain growth was observed but did
exhibit a remarkable influence on the a-olefin-alkane ratio. When
n-hexane was used as solvent, lower a-olefin selectivity were
obtained for the higher hydrocarbons compared to those obtained
for lighter hydrocarbons. The use of n-decane resulted in the high-
est a-olefin selectivity independently of the product. This result is
due to quicker desorption and diffusion, and slower re-adsorption
for primary a-olefin. However, an effect of the lower solubility of
the a-olefins in this solvent can not be discarded. In general, the
use of n-paraffin as solvent yields a higher selectivity to a-olefin
than branched paraffin or cyclic paraffin. The use of supercritial n-
pentane for F-T using a-tetradecene as co-feed was carried out over
Co/SiO, catalyst and was reported by Fujimoto et al. [123g]. They
showed that a-tetradecene could participate in the chain growing

Table 9
Cs* selectivity obtained using metal supported FT catalysts.
Entry Catalyst P[bar H,/CO T/°C % CO conv. % wt Cs* Ref.
1 Ru/SiO, 20 1.0 260 32 83 [119]
2 Ru/TiO, 20 1.0 260 20 50 [119]
3 Ru/CNT 20 1.0 260 11 60 [119]
4 Ru/AC 20 1.0 260 34 83 [119]
5 Co/SiO, 10 2.0 240 38 81 [126]
6 Co/Al;03 25 2.0 220 25 90 [134c]
7 Co/TiO, 10 1.0 250 41 30 [138b]
8 Co/CNT 25 2.0 220 45 86 [134c]
9 Co/CNF 35 2.0 220 67 85 [141b]
10 Fe/Al,03 15 0.67 260 22 75 [136]
11 Fe/CNT 20 2.0 220 10 46 [139]
12 Fe/AC 23 0.9 260 30 30 [142]
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process by reaction with the growing chain on the catalyst sur-
face. Indeed, the presence of this compound increases the rate of
formation of hydrocarbons larger than Cy4.

Seehra et al. studied the correlations between the activity and
selectivity in the FT using Co/SiO, and Co/Al,03 catalysts [125].
They suggested that the pore radius of the catalyst has an influence
on both syngas and CO conversions in the gas-phase FT. However,
no correlation was observed in the case of supercritical (SC) hex-
ane FT, indicating that mass transfer limitations typically controlled
by interparticle characteristics of the catalyst were in this case
reduced. This is attributed to the higher solubility of heavy weight
products in the SC hexane medium. As a result, the Co catalysts
were found to be very stable during SC hexane F-T for relatively long
time-on-stream and both the activity and selectivity were found to
remain unchanged during the reaction.

Vanhove et al. described the synthesis of Co/Al,03 catalysts
and their application in the F-T [134g]. These catalysts were pre-
pared from four commercial aluminas with various Co loadings.
The effects of reaction and reduction temperatures, deactivation,
cobalt content and structure of supports on the catalytic proper-
ties were especially examined. They reported that an increase in
the reaction temperature improves the activity and the selectivity
for light products. Furthermore, the Co loading and the poros-
ity of supports modify the catalytic properties of these systems
by affecting the reducibility of the metal since an increase in the
extent of reduction improves the activity and the selectivity for
high molecular hydrocarbons. Roberts et al. reported the use of
Co/Al;,03 and Co-Pt/Al;03 catalysts in the F-T using supercriti-
cal hexane and pentane as solvents [134e,f]. They suggested that
both supercritical solvents performed almost identically in terms
of hydrocarbon product distribution. However, higher CO conver-
sion was obtained using pentane due to the pressure effects on
the kinetics [134e,f]. Within the investigated range of conditions,
the chain-growth probability increases as the pressure increases
and the temperature decreases. However, the influence of reaction
temperature on the chain growth probability was determined to
be more pronounced than that of the effect of pressure. Compar-
ing the hydrocarbon distributions in both SC-phase and gas-phase
FT, the authors concluded that the enhanced solubilities of heavy
hydrocarbon products in the SC medium improve the vacant-site
accessibility for the readsorption of olefins and subsequent chain
growth, as well as the elimination of the adsorption layer. Using
a Co-Ru/Al, 03 catalyst, Haghtalab et al. investigated the effect of
variables such as temperature, pressure, solvent type, reactant feed
composition, and space velocity on the F-T [133a]. Comparison
of the experimental data between the gas phase and SC medium
showed that higher CO conversion and lower CH4 and CO, selec-
tivities were obtained for F-T in the SC medium. The CO, selectivity
did not vary in a regular manner by changing the solvent and H,/CO
ratio but increased at higher temperature and W/F(CO +H,). Fur-
thermore, the product carbon distribution had a similar shape for all
type of solvents but shifted to lighter molecular mass compounds
when the temperature, the H,/CO ratio, or the space velocity were
increased and when the pressure was decreased.

Dalai et al. compared the F-T catalytic performance of Co/Al,03
and Co/CNT [134c]. They observed that the F-T rate and CO con-
version obtained by Co/CNT catalysts were much larger than that
obtained with Co/Al,03. Furthermore, the CNT caused a slight
decrease in the F-T product distribution to lower molecular weight
hydrocarbons. De Jong et al. described the influence of the particle
size of Co/CNF catalysts in the range of 2.6-27 nm on the perfor-
mance in Fischer-Tropsch synthesis [141b]. The TOF value was
independent of Co particle size for catalysts with sizes larger than
6 nm. For Co particle size smaller than 6 nm, both the selectivity
and the activity was affected by the nanoparticle size. At 35 bar,
when the Co particle size was reduced from 16 to 2.6 nm, the TOF

decreased from 23 x 1073 to 1.4 x 1073 s~ and the Cs* selectivity
decreased from 85 to 51 wt¥%.

Holmen et al. studied the F-T catalytic performance of Co/Al, 03,
Fe/Al;03 and Co-Fe/Al,03 [134a]. They observed that alloying Co
with small amounts of Fe improved the F-T activity at low con-
version levels when compared to that of the catalyst containing
only Co. In contrast, alloying Fe with small amounts of Co low-
ered the F-T activity compared to that of the Fe catalyst alone,
although the relative water-gas-shift (WGS) activity was increased.
For the bimetallic catalysts, both F-T and WGS activities rapidly
declined at high partial pressure of water due to deactivation by
oxidation and sintering. However, the results indicate that WGS
and F-T proceeded over sites of different nature in the bimetallic
catalysts. The bimetallic catalysts showed essentially no variation
in hydrocarbon selectivities and olefin/paraffin ratios compared to
the monometallic catalysts, which can be partly explained by the
use of a sub-stoichiometric H,/CO ratio as feed. The lowest Cs*
selectivity and C3 olefin/paraffin ratio were obtained using the cat-
alysts containing higher amounts of Fe. Interestingly, the addition
of water increased the Cs* selectivity and C3 olefin/paraffin ratio
and reduced the CHy selectivity. Abatzoglou et al. reported the syn-
thesis of Co, Fe, Co-Fe and Fe-Co catalysts supported on CNT [139].
The monometallic Fe catalyst showed the lowest F-T activity and
the highest water-gas shift (WGS) rate. In terms of selectivity, they
exhibited the lowest selectivity to Cs* hydrocarbons but the highest
olefin to paraffin ratio of 1.95. The monometallic Co catalyst exhib-
ited high selectivity (85.1 wt%) towards Cs* liquid hydrocarbons,
and addition of small amounts of Fe did not significantly change
the products selectivity. The Co catalyst with 0.5 wt% Fe showed
the highest F-T reaction rate and CO conversion while the olefin to
paraffin ratio in the F-T products increased with the addition of Fe.
The bimetallic Co-Fe/CNT catalysts proved to be attractive in terms
of alcohol formation. The introduction of 4 wt% of Fe in the Co cat-
alyst increased the alcohol selectivity from 2.3 to 26.3 wt%. Kuila
et al. observed that the addition of Ru to the Fe-Co/SiO, catalyst
increased CO conversion by 16% but lowered selectivity to propane
by 10% [120]. Niemantsverdriet studied the use of a Co-Pt/Al;03
F-T catalyst [134b]. In this study, they showed that: (i) there is an
increase in carbon deposition with increasing time on stream for
wax-extracted cobalt catalysts and that the regeneration of these
catalysts is increasingly more difficult at longer time on stream,
(ii) this hydrogen resistant carbon has similar reactivity than poly-
meric carbon. This polymeric-type carbon is located on the support
and on cobalt, (iii) removal of the polymeric-type carbon results in
a dramatic increase in F-T activity. They conclude that that poly-
meric carbon deposits is one of the mechanisms which may play a
role in the long-term deactivation of Co-based F-T catalysts. Gang-
wal et al. reported the use of TiO; as a support for Co and Fe F-T
catalysts [138b]. They observed that the activity of the catalysts
prepared from Co, Ni, and Fe on TiO5 is significantly enhanced if a
combination of two metals (forming an alloy) is used as opposed to
a single metal. In particular, alloying Co with Ni in a 1:1 ratio gave
the highest activity without increasing the selectivity to methane
and increasing that to Cs* product. Furthermore, the high metha-
nation activity of Ni was significantly suppressed by alloying with
either Co or Fe. Adding HZSM-5 to the 50/50 Co-Ni catalyst pro-
moted aromatics formation, decreased methane and C, content,
reduced olefins, and significantly increased isobutane content. No
aliphatic products larger than Cg were formed. They suggested that
by combining the effects of alloying the group VIII metals and a zeo-
lite such as HZSM-5, it might be possible to tailor the selectivity of
F-T products.

Holmen et al. compared the F-T catalytic performance of Co-
powder, Co-cordierite monolith, Co-steel monolith and Co-alumina
monolith [134h]. They found that the Co-cordierite monoliths cat-
alysts are active and selective to Cs* as comparable Co-powder
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catalysts of small particle size when loaded with relatively low
amounts of catalyst. Co-steel monoliths were found to have lower
activity and Cs™* selectivity than powders and cordierite monoliths.
Co-alumina monoliths were found to give comparable selectivities
to that of Co-powder catalysts but somewhat lower activity.

6.1.3. Fe supported catalysts

Davis et al. described the application of two precipitated Fe cat-
alysts (100 Fe/3.6 Si/0.71 K and 100 Fe/4.4 Si/1.0K, atomic percent
relative to Fe) in a slurry phase F-T [131]. The impact of activation
gas, temperature, and pressure on the long-term activity and selec-
tivity of the catalysts was explored. Pre-treatment with CO under
the conditions employed gave highly active and stable catalysts.
Catalyst performance when synthesis gas activation was used was
found to be dependent upon the partial pressure of hydrogen in
the activating gas, with low hydrogen partial pressures resulting
in the highest catalyst activity (2.0 molcg mol;e1 h! ). Bukur et al.
investigated the reduction and the catalytic behaviour of SiO, and
Al,03-supported Fe F-T catalysts promoted with Kand Cu [130]. It
was found that the Al,03 inhibits reduction of iron, whereas the
reduction behaviour of the SiO, supported catalyst was similar to
that of the two precipitated Fe-catalysts. Supported and precipi-
tated (Fe/Cu/K/SiO) catalysts were tested in a stirred tank slurry
reactor. Initial activity of the SiO,-supported catalyst, measured
by a value of an apparent first-order reaction rate constant, was
20-40% higher than that of the precipitated Fe-catalysts, whereas
the activity of the Al,03-supported catalyst was about 50% less
than that of the silica-supported catalyst. SiO,-supported catalyst
had higher gaseous selectivity and lower olefin content than the
Al;03-supported catalyst and precipitated catalysts. These results
were explained in terms of interactions between potassium with
supports, resulting in reduction of the potassium promotion effec-
tiveness.

Prinsloo et al. described the effect of the synthetic methods
to form the CNT supported Fe catalysts [140]. These catalysts
were prepared by incipient wetness, deposition/precipitation using
K,CO3, and deposition/precipitation using urea. After reduction,
the three catalysts had similar metal surface areas. However, the
activity of these catalysts in the F-T differed significantly with
the catalyst prepared by incipient wetness being the most active
one. It is speculated that the differences in the performance of
the catalysts might be attributed to the different crystallite size
distributions, which would result in a variation in the amount of
the different phases present in the catalyst under reaction condi-
tions. The selectivity in the F-T synthesis over the three catalysts
seems to be independent of the method of preparation. Beenackers
et al. studied the kinetics of the gas—solid F-T over a commercial
Fe-Cu-K-SiO, in a continuous spinning basket reactor [129e]. Yi
et al. reported the incorporation of Al, 03 into precipitated Fe cata-
lyst [136]. They observed a strong Fe/Al,03 interaction, which has
a significant influence on the surface basicity, reduction and car-
burization behaviours, as well as F-T performances. Due to this
strong interaction, the F-T and WGS activities were decreased by
the addition of Al,0s3. Furthermore, the strong Fe/Al,03 interac-
tion suppresses the reoxidation of iron carbides, stabilises the F-T
active sites and improves the catalyst stability. The lower surface
basicity also resulted in higher selectivity to light hydrocarbons.
Datye et al. studied the effect of activation and reaction treatment
on the resulting phase transformations in a Fe,03-Cu0-K,O cat-
alyst [146]. Their results suggested that magnetite has negligible
catalytic activity for F-T synthesis whereas carbide formation is
necessary before the catalyst becomes active. Furthermore, Ragaini
et al. compared the use of Fe/Al,03 and Fe-K-Cu/Al,03 in the F-T
[135]. They observed that CO conversion, CO, and heavy hydrocar-
bon selectivity increase using higher Fe amounts and in presence
of promoters such as K. Two different process regimes, depending

on the operative temperature, were observed where either F-T or
WGS predominates. Goodwinjr reported that the addition of Cr, Mn,
and Zr increased the activity of a precipitated Fe-Cu/SiO, catalyst
for both F-T and WGS reaction and also promoted the dispersion
of Fe [129a]. The high activity observed for the Cr-, Mn-, and Zr-
promoted Fe catalysts appears to be related to a greater number of
active sites. The same authors reported that the addition of Kat rela-
tively low concentrations promoted the activity of the Fe/SiO, and
Fe-Mn/SiO, catalysts in the F-T and WGS reaction. However, the
addition of excess K resulted in the decline of the catalyst activity,
probably due to an increased amount of carbon deposition via the
Boudouard reaction [129b]. The addition of Mn and/or K increased
the concentration of active surface intermediates leading to prod-
uct. As expected, chain growth probability (o) was enhanced by the
presence of K. Similar results were reported by Dadyburjor et al. for
Fe/AC F-T catalyst [142]. In this case, the K promoter suppressed
the formation of methane and methanol, favoured the formation of
higher-molecular-weight hydrocarbons (Cs*) and alcohols (C;-Cs).
Interestingly, the addition of K changes the effect of temperature on
the selectivity to oxygenates. In the absence of K, oxygenate selec-
tivity decreases with temperature. However, when Kiis present, the
selectivity is almost independent of the temperature.

6.2. Soluble nanocatalysts

As previously mentioned in this review, FT reactions were effec-
tively catalysed by soluble M-NPs. It is noteworthy that the M-NPs
catalytic properties are highly dependent of their size and thus
the synthesis of M-NPs with a specific size range and the elec-
tion of an appropriate stabilising agent are of crucial importance
[27,28,63,64,80,81,107]. Furthermore, these catalysts are specifi-
cally designed to be applied in low temperature FT processes using
slurry type reactors and thus, the choice of a suitable solvent which
has to remain liquid under reaction conditions is crucial [117].

In this section, the application of soluble M-NPs as FT catalysts
is reviewed with special interest on the M-NPs size, the reaction
solvent and the stabilising agent.

6.2.1. Size

Decreasing particle size to the nanometer increases the surface
area on which the reaction is carried out. The concentration of low
coordinated sites (defect sites) is relatively abundant in nanomate-
rials providing higher activities due to the lower activation barrier
for reactant molecules, which are otherwise negligible or absent
in bulk systems [147]. However, it is clear that size dependence
in catalysis is much more complex than what this initial hypoth-
esis suggests and there is no single theory that can explain all the
phenomena observed. It is believed that the surface atoms or a
combination of surface atoms should possess certain ‘geometries’
with required ‘electronic’ properties which enables the surface to
act as an efficient catalyst [148,149]. Electronic effects indicate
the nature and strength of the bond between the d-band orbital
of the surface atom, and the molecular orbitals of the reactants
and the products. The surface atoms in different environments
have different local electronic structures and interact differently
with adsorbate molecules. In general, the d-band centre, which is
the first moment of the density of states, projected against the d-
orbitals for the surface atoms interacting with the adsorbates as
a reactivity descriptor. Transition metal surface with open surface
and low coordination number atoms (like steps, edges, kinks and
corners) have higher lying d-states and tend to interact strongly
with adsorbates. Geometric effects result in a minimum ensemble
of atoms with a specific arrangement for adsorption and for the
reaction to take place. M-NPs of various morphologies and sizes
possess different edge and vertex atoms, and fractions of different
crystallographic orientations.
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For Ru catalysts, Kou and co-workers reported the synthesis of
colloidal Ru-NPs of various sizes (ca. 1.8,2.0,2.5,2.9,3.3and 4.0 nm)
using the seeded growth method and their application as nanocata-
lysts in the Fischer-Tropsch synthesis [27]. They observed that the
Ru-NPs of 2.0 nm produced higher activities than those obtained
using smaller and larger Ru-NPs. Similarly, we observed that the
Ru-PVP-NPs of 1.9 nm are more active than the Ru-PVP-NPs of 2.2
and 2.5nm [28].

Concerning Co catalysts, this size effect has been
studied only for Co-supported Fischer-Tropsch catalysts
[15¢,141b,144,150,151,152]. For the conventionally prepared
supported catalysts, the size of the Co particle catalysts is: (a)
20-40 nm for Co/SiO, [152g,h,153], and (b) 5-10 nm for Co/Al;03
[154]. Turnover frequencies (TOF) of these catalysts were similar
and almost independent of size of Co-NPs when they were larger
than 10 nm [150]. The size effect was observed in a small particle
range (2-10nm) for Co supported on carbon nanofiber [141b]
and ITQ-2 [144]. The optimal Co-NPs size is relatively large (ca.
7nm) with smaller Co-NPs exhibiting lower rates even though
the exposed metal surface should be much larger [141b,144,155].
The lower activity of the smaller Co-NPs was attributed to: (a) the
formation of spinels between the Co and the support oxides, which
lock up the Co in a non-reducible form [156], and (b) the fact that
smaller Co particles tend to be oxidized [124,155¢,157]. Today, the
study of the Co-NPs size effect is an active area of research due
to the controversy about the easier oxidation of the smaller NPs
since bulk thermodynamics would indicate that Co should remain
metallic under Fischer-Tropsch reaction conditions [158].

Concerning Fe catalysts, the effect of the mean diameter over
the Fischer-Tropsch performance was much less studied. However,
it is well-accepted that nanosized Fe particles were essential to
achieve high Fischer-Tropsch activity and the mean diameter of
these Fe-NPs highly affected the product distributions [159].

6.2.2. Solvent

Recently, the solvent effect in the Fischer-Tropsch process catal-
ysed by colloidal M-NPs was studied using as a solvents: (a) liquid
water, (b) ionic liquids and (c) high boiling point organic solvents.

Water is cheap, readily available, nontoxic, non-flammable and
environmentally friendly [160]. Furthermore, H,O is a suitable sol-
vent for many reactions due to: (a) inertness against oxidation and
reduction, (b) high polarity, and (c) high solvatation ability. In the
case of the Fischer-Tropsch process, the hydrocarbon product is
immiscible with water, so the fuel can be easily separated from the
catalysts facilitating the work-up process.

It is well established that in the case of the Ru catalysts, the
presence of water in the reaction media produced higher activi-
ties, lower methane production and narrower product distributions
[27,121,150,161,162]. For example, the activity (calculated on the
basis of the total number of Ru atoms) of the 5 wt% Ru/SiO, catalyst
was increased by a factor of 3 when the H, O pressure was increased
from 0.017 to 0.454MPa [161]. To the best of our knowledge,
aqueous-phase Fischer-Tropsch using colloidal Ru-NPs has been
only reported by Kou and co-workers [27]. They found that water-
soluble Ru-NPs stabilised by PVP are more active Fischer-Tropsch
catalysts (ca. 6.90 molcg mol,;l} h‘1) than the conventional sup-
ported catalysts. A 35-fold increase in activity was observed for
unsupported Ru-NPs at 150 °C with Cs5* selectivity up to 84 wt%. In
the same way, we studied the application of water-soluble Ru-PVP-
NPs in the Fischer-Tropsch synthesis obtaining comparable results
in terms of activity and Cs* selectivity to those obtained by Kou and
co-workers. However, we detected the formation of oxygenated
compounds together and CO, [28].

The effect of the water is not well established for the Co based
Fischer-Tropsch catalysts [27b,63,154b,161-176]. In the case of
supported Co catalysts, the effects of water on the Fischer-Tropsch

performance depend on the nature of the support, Co metal load-
ing, its promotion with noble metals, and preparation procedure
[150,162]. The water effects are reported to be either negligible,
negative, or positive. The positive effects of water on the cata-
lyst activity are to facilitate intra-particle transport of syngas and
hydrocarbons improving the reaction kinetics. The effect of water
on the selectivity of the reaction is probably due to the fact that: (a)
hydrocracking processes operate under these conditions, and/or (b)
the solubility of the olefins in water decreases when the number of
carbon increases, and therefore water could affect the termination
step by displacing the less soluble products from the aqueous phase
[124,163b]. It is observed, that the presence of water produced an
increase in CO conversion, a decrease in methane selectivity and
the inhibition of the secondary hydrogenation of olefin products
caused by the competitive adsorption of water. The water nega-
tive effect is related to the formation of inactive Co oxides or the
formation of irreducible cobalt species [124]. In the case of Fe, a
negative effect was described since the presence of water pro-
duced the deactivation of the catalyst by oxidation and/or sintering
[27b,124,150,162].

Recently, Kou and co-workers reported the synthesis of water
soluble Co-NPs by KBH4 reduction of Co(AcO),-6H,0 using PVP as
stabilising agent obtaining activities up to 0.12 molco mola} h!
[63]. They had previously patented: (a) Co catalysts formed by
H, treatment of CoCl,-6H,0 at 170°C in presence of PVP pro-
duced activities up to 0.020 molcg rnolal h~!, and (b) Fe catalysts
formed by H; treatment of FeCl3-6H,0 at 200 °C in presence of PVP
produced activities up to 0.0096 molcg moll_fe1 h! [27Db]. Recently,
Wu and co-workers reported the synthesis of Fe-NPs by KBHy4
reduction of FeCl3-6H,0 at room temperature [107]. Fe-NPs of
3-8 nm, 20-40 nm and 30-60 nm were formed using ethylenegly-
col (EG), water/EG mixtures and water as a solvent, respectively.
These Fe-NPs were applied as catalysts in the Fischer-Tropsch
synthesis achieving higher activities using water as a solvent
(0.83 molco mol;e1 h’l) than those obtained using water/EG mix-
tures and EG as a solvent (0.76 and 0.30molco mol;e1 h,
respectively). Based on Mossbauer spectra results, the authors
correlated the high activity of the water soluble Fe-NPs whit
the high content of iron carbides of this catalyst. Concerning
the Fischer-Tropsch selectivity, they reported CO, selectivity
up to 30mol%, CH4 selectivity up to 13wt%, light hydrocar-
bon (C;-Cyg) selectivity up to 70wt% and Co;* selectivity up
to 0.96 wt%.

Ionic liquids were revealed as a suitable solvent for their use
in catalysis due to: (a) their physico-chemical properties, (b)
their negligible vapor pressure, (c) relative low viscosity, (d) high
thermal, chemical and electrochemical stabilities, and (e) their
tunable miscibility of ILs [27,47-57,79-82,104-106,160]. Further-
more, some reactions catalysed by M-NPs exhibit unusual but
desired selectivity patterns when performed in ILs [160]. To date,
only few examples described the use of ionic liquids as stabilis-
ers for the synthesis of effective Fischer-Tropsch catalysts. Kou
and co-workers reported the application in Fischer-Tropsch of
the Ru-NPs stabilised by PVP modified with imidazolium salts
using 1-n-butyl-3-methylimidazolium tetrafluoroborate [BMI-BF4]
as a solvent obtaining activities up to 0.55 molco molg‘} h! [27].
Dupont and co-workers reported that Co-NPs of 7.7 nm stabilised
by 1-n-butyl-3-methylimidazolium N-bis(trifluoro methanesul-
fonyl)imidate [BMI-NTf, ] produced activities up to 0.5 h~! affording
mainly hydrocarbons in the liquid phase (7-30 carbons) with a
chain growth probability of 0.90 [80]. The same group also reported
that Co-NPs of 1-n-decyl-3-methylimidazolium N-bis(trifluoro
methanesulfonyl)imidate [DMI-NTf, ], which displayed a binomial
size distribution with mean diameters 11 nm and 79 nm, produced
activities up to 0.2 x 10> molcg ggg s~1 (0.42 molcg molgg h’l)
[81].Interestingly, the hydrocarbons formed in the Fischer-Tropsch
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with Co-[DMI-NTf;]-NPs showed a monomial hydrocarbon distri-
bution centered at Cy5, in contrast the Co-[BMI-NTf, |-NPs showed a
binomial hydrocarbon distribution (centered at C;; and Cy7). They
suggested that these differences could be attributed to the Co-NPs
size and shape effect [81].

M-NPs solubilised in high boiling point organic solvents
were revealed as a efficient catalysts for the Fischer-Tropsch
synthesis [160]. The hydrocarbon product are miscible with
these type of solvent thus a distillation work-up process is
required. Kou and co-workers reported the synthesis of squalene-
soluble Co-NPs stabilised by PVP-C8 and their application in
Fischer-Tropsch [64]. The Co-Cg-PVP-NPs exhibited comparable
Fischer-Tropsch activity (1.3 molcg mola} h’l) to those obtained
using supported Co catalysts and Co-NPs in ILs. Kou and co-workers
also described the application of Fe-NPs as Ficher-Tropsch catalyst
using polyethylene glycol (PEG) as a solvent, obtaining activities
up to 1.5molcg mol;el h~! with CO, selectivity up to mol%, Cs+
selectivity up to 56.1 wt% and methane selectivity up to 5.6 wt%
[63a]. Interestingly, the alkene content in the products was higher
than 50 wt%. However, when Co-NPs were dispersed in polyethy-
lene glycol (PEG) much lower activities were achieved (up to
0.12 molco mol&} h™1) than those obtained using the Fe-NPs.

Kou and co-workers also reported the use of Fe, Co and Ru
NPs in F-T process in ethylene glycol (EG) and studied the for-
mation of 2-alkyl-dioxolanes under syngas pressure at 130°C
[63b]. The highest selectivities to dioxolanes were achieved with
Ru and Fe catalysts (up to 68% with Fe NPs) while the Co
NPs mainly produced hydrocarbons (69%). The activities were in
the order Ru (1.5 molcg mol,;,} h™!) > Fe(0.68 molco mol;e1 h >
Co(0.07 molcg molc’ol h! ). The Fe catalyst exhibited a diameter of
ca. 8 nm and was active with a range of other diols forming the cor-
responding acetals as the main products. Post-catalysis TEM studies
of the Fe NPs revealed no relevant structural changes under cat-
alytic conditions and these cheap catalysts could be easily recycled
using a permanent magnet as they showed paramagnetic proper-
ties. The authors investigated into the mechanism of reaction and
concluded that hydroformylation of syngas with olefins produced
from F-T could be involved in the production of the dioxolanes.

7. Conclusions

Colloidal M-NPs have been applied in various catalytic processes
and during the last decade, new methods for their synthesis and
stabilisation have been reported. In this review, the current state
of the art in the synthesis of soluble-Ru, Co and Fe-nanoparticles
stabilised by organic molecules is described. Polymers are widely
applied for the synthesis of soluble-Ru, Co and Fe-NPs, whereas
the application of surfactants, ionic liquids and small molecules is
much more limited.

The application of soluble-metal NPs as catalysts in the
Fischer-Tropsch synthesis is of special interest as they provide high
levels of activity and selectivity. The fine tuning of the M-NPs mean
diameter and size dispersion and the choice of the stabilising agent
and the solvent is of crucial importance in the design of more effi-
cient catalytic systems. The successful application of soluble-metal
nanocatalysts in the Fischer-Tropsch reaction using water, ionic
liquids and high boiling point organic solvents was reported obtain-
ing higher activities and selectivities than those obtained using
the conventional supported catalysts. Several studies showed that
water is a suitable solvent for the application of unsupported Ru-,
Co- and Fe-NPs as catalysts in the Fischer-Tropsch reaction. In this
solvent, the intra-particle transport of syngas and hydrocarbons
is favoured enhancing the metal surface activity. Additionally, high
Cs* selectivity with narrower product distributions were observed.
Ru- and Co-NPs soluble in ionic liquids and Co and Fe-NPs soluble in

high boiling point organic solvents, such as squalene and PEG, pro-
duced also interesting results in terms of Fischer-Tropsch catalytic
performance.
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