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An  overview  with  more  than  160  references  on  the  synthesis  and stabilization  of metal  nanoparticles
(M-NPs)  from  metal  carbonyls,  metal salts  in  ionic  liquids  (ILs)  and in  particular  from  metal  carbonyls
in  ionic  liquids  is given.  The  synthesis  of M-NPs  can  proceed  by  chemical  reduction,  thermolysis,  pho-
tochemical  decomposition,  electroreduction,  microwave  and  sonochemical  irradiation.  Commercially
available  metal  carbonyls  Mx(CO)y are  elegant  precursors  as  they  contain  the  metal  atoms  already  in
the  zero-valent  oxidation  state  needed  for  M-NPs.  No  extra  reducing  agent  is  necessary.  The  side  prod-
uct CO  is largely  given  off to the  gas  phase  and removed  from  the  dispersion.  The  microwave  induced
thermal  decomposition  of metal  carbonyls  Mx(CO)y in ILs  provides  an  especially  rapid  and  energy-saving
ynthesis
tabilization
atalysis

access  to  M-NPs  because  of the  ILs  significant  absorption  efficiency  for  microwave  energy  due  to their
high  ionic  charge,  high  polarity  and  high  dielectric  constant.  The  electrostatic  and  steric  properties  of
ionic liquids  allow  for  the  stabilization  of M-NPs  without  the  need  of  additional  stabilizers,  surfactants
or  capping  ligands  and  are  highlighted  by pointing  to  the  DLVO  (Derjaugin–Landau–Verwey–Overbeek)
and  extra-DLVO  theory.  Examples  for  the  direct  use  of M-NP/IL  dispersions  in  hydrogenation  catalysis  of
cyclohexene  and  benzene  are  given.
. Introduction

Metal nanoparticles (M-NPs) are of significant interest for tech-
ological applications in several areas of science and industry,
specially in catalysis due to their high activity. The controlled

nd reproducible synthesis of defined and stable M-NPs with a
mall size distribution is very important for a range of appli-
ations [1–5]. Note that through the years metal nanoparticles

∗ Corresponding author. Tel.: +49 211 81 12286.
E-mail address: janiak@uni-duesseldorf.de (C. Janiak).

010-8545/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2011.03.005
© 2011 Elsevier B.V. All rights reserved.

were also referred to as nanophase metal clusters, metal nanocrys-
tals and metal colloids. In the following we  primarily use the
term (metal) nanoparticles for simplicity. Small (< 5 nm)  M-NPs
are only kinetically stable and will combine to thermodynami-
cally favored larger metal particles via agglomeration. This M-NP
tendency for aggregation is due to the high surface energy
and the large surface area. To avoid this agglomeration, M-NPs
need to be stabilized with strongly coordinating protective lig-

and layers which provide electrostatic and/or steric protection
like polymers and surfactants [6–8]. Ionic liquids (ILs) can be an
alternative to such ligand layers (Scheme 1). ILs may  be seen
to act as a “novel nanosynthetic template” [9] that stabilize

dx.doi.org/10.1016/j.ccr.2011.03.005
http://www.sciencedirect.com/science/journal/00108545
http://www.elsevier.com/locate/ccr
mailto:janiak@uni-duesseldorf.de
dx.doi.org/10.1016/j.ccr.2011.03.005
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Scheme 1. Stabilization of metal nanoparticles (M-NP) through protective ligand
stabilizers or in ionic liquids (IL). For the use of color in this graphic the reader is
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eferred to the web  version of the article.

-NPs on the basis of their ionic nature [10], high polarity, high
ielectric constant and supramolecular network (see Section 2)
ithout the need of additional protective ligands (cf. Scheme 3)

11–15].
In the absence of strongly coordinating protective ligand layers,

-NPs in ILs should be effective catalysts. The IL network contains
nly weakly coordinating cations and anions (see Scheme 2) that
ind less strongly to the metal surface and, hence, are less deacti-
ating, than the commonly employed capping or protective ligands.
he combination of M-NPs and ILs can be considered a green cat-
lytic system because it can avoid the use of organic solvents. ILs are
nteresting in the context of green catalysis [16] which requires that
atalysts be designed for easy product separation from the reaction
roducts and multi-time efficient reuse/recycling [17–19].  Firstly,
he very low vapor pressure of the IL and designable low misci-
ility of ILs with organic substrates allows for a facile separation
f volatile products by distillation or removal in vacuum. Secondly,
he IL is able to retain the M-NPs for catalyst reuse and recycling. For
xample, Dupont and coworkers recycled a M-NP/IL system quite
asily and reused it several times without any significant changes in
atalytic activity [11]. In recent reports of Rh- or Ru-NP/IL in hydro-
enation reactions, the catalytic activity did not decrease upon

epeated reuse [20,21].  A sizable number of catalytic reactions have
uccessfully been carried out in ILs [22]. Generally, the catalytic
roperties (activity and selectivity) of dispersed M-NPs indicate

cheme 2. Typical cations and anions of most common commercially available ILs.
MIm+ is also abbreviated as BMI  in the literature.
stry Reviews 255 (2011) 2039– 2057

that they possess pronounced surface-like (multi-site) rather than
single-site-like character [23,24].

In the following we  give a brief introduction into the relevant
properties of ionic liquids (Section 2) followed by an overview on
the use of metal carbonyls for the synthesis of metal nanoparticles
(Section 3). We  then combine the synthesis of metal nanoparticles
by various methods with ionic liquids as the matrix or medium for
their preparation (Section 4). The theory for the treatment of parti-
cle dispersions, the DLVO (Derjaugin–Landau–Verwey–Overbeek)
theory is then briefly discribed in Section 5.

2. Ionic liquids (ILs)

Ionic liquids are salts which are composed of charged inor-
ganic and organic ion pairs. By definition their melting point
is below 100 ◦C, more typically ILs are liquid at room tempera-
ture [18,25].  Such room temperature ionic liquids are occasionally
abbreviated as RTILs [26]. ILs are liquid under standard ambient
conditions because the liquid state is thermodynamically favor-
able, due to the large size and conformational flexibility of the
ions involved, which leads to small lattice enthalpies and large
entropy changes that favor melting [27]. ILs are characterized
and set apart from other solvents by their physical properties
like high charge density, high polarity, high dielectric constant
and supramolecular network formation (Scheme 3) [14]. Typical
IL cations include 1-alkyl-3-methylimidazolium, tetraalkylammo-
nium, 1-alkylpyridinium and oxazolium. Typical anions for ILs
are halide anions, tetrafluoroborate BF4

−, hexafluorophosphate
PF6

−, tetrahalogenidoaluminate AlX4
−, trifluoromethylsulfonate

(triflate) CF3SO3
− (TfO−) or bis(trifluoromethylsulfonyl)amide

[also named N-bis(trifluoromethanesulfonyl)imide, (CF3SO2)2N−,
Tf2N−] (Scheme 2) [22,28].

The desired properties of the IL can be designed through
judicious combination of anions and cations which presents
an advantage over other solvent systems for the various envi-
sioned IL applications. For instance: ILs containing Tf2N− offer
low viscosity and high electrochemical and thermal stabil-
ity [29]. If bis(trifluoromethylsulfonyl)amide Tf2N− is replaced
by bis(methylsulfonyl)amide, viscosity increases and stability
decreases [30]. This variety leads to a high interest towards ILs
as new green reusable reaction media, especially in the field of
catalysis [23].

Scattering experiments on ILs provided important information
on the structure of ionic liquids which are not liquids in the con-
ventional sense, but may  rather be considered as mesophases
[15]. Strictly speaking, however, ILs are not mesophases since
they are isotropic liquids and just posses mesophases when
they are liquid crystals. ILs are a class of substances that have
an organizational behavior intermediate between isotropic liq-
uids and liquid crystals. ILs have an intrinsic “nanostructure”
which is caused by electrostatic, hydrogen bonding and van
der Waals interactions [12,25]. The mesoscopic structure of imi-
dazolium ionic liquids in particular can be described in part
as a supramolecular three-dimensional hydrogen-bonded net-
work (Scheme 3a) [12,14,15].  Pure 1,3-dialkylimidazolium ionic
liquids can be described as a hydrogen-bonded [12,14,15] poly-
meric supramolecular network of the type {[(RR′Im)x(A)x−n]n+

[(RR′Im)x−n(A)x]n−}n where RR′Im is the 1,3-dialkylimidazolium
cation and A the anion. This structural pattern is not only seen
in the solid phase but is also maintained to a great extent in
the liquid phase. The introduction of other molecules and macro-

molecules proceeds with a disruption of the hydrogen bonding
network and in some cases can generate nano-structures with polar
and non-polar regions where inclusion-type compounds can be
formed [11,12]. When mixed with other molecules or M-NPs, ILs
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Scheme 3. (a) Schematic network structure in 1,3-dialkylimidazolium-based ionic
liquids. (b) The inclusion of metal nanoparticles (M-NPs) in the supramolecular
IL  network with electrostatic and steric (=electrosteric)  stabilization is indicated
through the formation of the suggested primary anion layer forming around the
M-NPs. For the use of color in this graphic the reader is referred to the web  version
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factant, and the initial concentration of the cobalt carbonyl solution
f  the article.

ecome nanostructured materials with polar and nonpolar regions
31–33].

Ionic liquids are nanostructural liquid media [34]. Nanometer-
cale structuring in room-temperature ILs was observed by
olecular simulation for ionic liquids belonging to the 1-alkyl-

-methylimidazolium family with hexafluorophosphate or with

is(trifluoromethylsulfonyl)amide as the anions. For ionic liquids
ith alkyl side chains longer than or equal to C4, aggregation of

he alkyl chains in nonpolar domains was observed. These domains
stry Reviews 255 (2011) 2039– 2057 2041

permeate a three-dimensional network of charged or polar ionic
channels formed by anions and by the imidazolium rings of the
cations (cf. Scheme 3(a)). As the length of the alkyl chain increases,
the nonpolar domains become larger and more connected and
cause swelling of the ionic network, in a manner analogous to
systems exhibiting microphase separation [34]. In other words,
ILs are nanostructurally organized with nonpolar regions arising
from clustering of the alkyl chains and ionic networks arising from
charge ordering of the anions and imidazolium rings of the cations
[26]. The combination of undirected Coulomb forces and directed
hydrogen bonds leads to a high attraction of the IL building units.
This is the basis for their (high) viscosity, negligible vapor pres-
sure and three-dimensional constitution. The IL network properties
should be well suited for the synthesis of defined nano-scaled metal
colloid structures (see Scheme 3) [11–13].

3. Synthesis of metal nanoparticles (M-NPs) from metal
carbonyls

The use of binary metal carbonyls for the synthesis of metal
nanoparticles is sensible and logical. Metal carbonyls are com-
mercially available (Table 1). Fe(CO)5 and Ni(CO)4 are industrially
produced on a multi-ton scale [35]. Compounds Mx(CO)y are eas-
ily purifyable and handable, even if care should be exerted for the
possible liberation of poisonous CO. The metal carbonyls contain
the metal atoms already in the zero-valent oxidation state needed
for M-NPs. No reducing agent is necessary. The side product CO is
largely given off to the gas phase and removed from the disper-
sion. Contamination from by- or decomposition products, which
are otherwise generated during the M-NP synthesis (see Section
4), are greatly reduced. Thus, metal carbonyls were used early on
for the preparation of M-NPs. It will be evident from the follow-
ing examples (see also Table 2) that all these metal nanoparticles
which were prepared in the condensed phase needed stabilization
through additional ligands, like dispersants, surfactants or through
passivation with a metal-oxide shell. Also the majority of the work
uses the metal carbonyls Fe(CO)5 and Co2(CO)8. The following
excerpts from the literature are roughly arranged in chronologi-
cal order according to the year of publication (see also Table 2 for
further examples). Much of the work on Fe- or Co-NPs at large is
devoted to their magnetism [36].

In early reports Hess and Parker [37] and Thomas [38] described
processes for preparing metallic cobalt particles of uniform
size in the 10–1000 Å range (0.1–100 nm). Dicobalt octacarbonyl
Co2(CO)8 was thermally decomposed in typically toluene solu-
tions of dispersant polymers, such as methyl methacrylate-ethyl
acrylate-vinylpyrrolidone terpolymers, high-purity polystyrene,
styrene-acrylonitrile polymers, polyacrylonitril, chloropolyethy-
lene sulfonamide, polyester and polyether urethanes to form stable
colloids of discrete particles which are separated by polymer coat-
ings. Variation of polymer composition, molecular weight and
solvent result in a variation of particle size and colloid stability.
Preparation of single-domain ferromagnetic cobalt particles with
good magnetic properties was possible through a balance between
dispersant polymer, solvent, and the growing metal particle [37].

Papirer et al. prepared a stable suspension of metallic cobalt
particles in an organic solvent (ferrofluid) by decomposition of
Co2(CO)8 [39,40].  The cobalt particles originate from the thermoly-
sis of the dicobalt octacarbonyl solution in the presence of a chosen
surface active agent. The reaction temperature, the nature of the
solvent and of the surfactant, the weight ratio of carbonyl and sur-
were varied. Spherical particles, of a narrow size distribution, are
obtained when the decomposition of Co2(CO)8 is carried out in
an aromatic solvent above 110 ◦C and in the presence of a sur-



2042 C. Vollmer, C. Janiak / Coordination Chemistry Reviews 255 (2011) 2039– 2057

Table  1
Binary metal carbonyls.a

Group 5 6 7 8 9 10
Metal V, Nb, Ta Cr, Mo,  W Mn,  Tc, Re Fe, Ru, Os Co, Rh, Ir Ni, Pd, Pt

Mononuclear complexes V(CO)6 Cr(CO)6 Fe(CO)5 Ni(CO)4

Mo(CO)6 Ru(CO)5

W(CO)6 Os(CO)5

Polynuclear complexes Mn2(CO)10 Fe2(CO)9 Co2(CO)8

Fe3(CO)12 Co4(CO)12

Tc2(CO)10 Ru2(CO)9 Rh4(CO)12

Ru3(CO)12 Rh6(CO)16

Re (CO) Os (CO) Ir (CO )

., from

f
g
(
a
t
C
r
t
d
a
c
t
o
g
s
t
a
o

n
m
a

T
A

a Metal carbonyls given in bold were confirmed to be commercially available, e.g

actant possessing a long hydrocarbon chain and a strong ionic
roup (sulfonate). The decomposition in toluene, in which ethyl
2-hexyl) sodium sulfo-succinate is dissolved, leads to particles of
bout 70 Å in diameter. When a ferrofluid is being formed, an ini-
ial and rapid evolution of CO corresponding to the formation of
o4(CO)12 is recorded. Part of this compound is insoluble in the
eaction medium and appears to be a regulating intermediate. After
his short initial stage the rate of decomposition of Co4(CO)12 slows
own and becomes practically constant. Later the CO formation is
ccelerated again and finally it decreases as the reaction goes to
ompletion. This S-shaped curve which describes the decomposi-
ion of Co2(CO)8 is always observed when a ferrofluid is in progress
f formation [39]. The diameters of the particles, and the number of
rowing particles have been measured using also small-angle X-ray
cattering and magnetic methods. The presence of microreactors in
he reaction medium and a diffusion controlled growth mechanism
re seen as the responsible two factors for the formation of particles
f very narrow size distribution [40].
Lee et al. produced nanoparticles of iron, chromium, molybde-
um and tungsten by laser decomposition of the corresponding
etal carbonyls with a 10.6 �m CO2 laser in the presence of Ar

nd SF6 [41]. Argon helped to increase the purity of the metal

able 2
dditional examples for M-NP syntheses from metal carbonyls.

Metal Metal carbonyl Solvent M-NP size: ra
average diam
(standard dev

Fe Fe(CO)5 Octanol or hexadecane 3–8 (amorph

Fe  Fe(CO)5 Trioctylphosphine
oxide (TOPO)

2 (monodispe
spherical)

Fe  Fe(CO)5 Decalin 2–10 (variati
Fe(CO)5/PIB r

Co  Co2(CO)8 Toluene or THF 3–5 

Co  Co2(CO)8 Trioctylphosphine
oxide

20 

CoPt3 Co2(CO)8, Pt(hfac)2 Hot toluene or nonane 1.8(1) 

FeCo Co2(CO)8, Fe(CO)5 1,2-Dichlorobenzene 1–11 
2 10 2 9 4 12

Os3(CO)12

 Aldrich, ABCR or Acros.

clusters by suppressing the formation of (M)x(CO)y for M = Fe, Cr,
Mo,  W.  SF6 acted as an infrared photosensitizer, which initially
absorbed the 10.6 �m IR photons from the CO2 laser and trans-
ferred its energy to a metal carbonyl via collisions. The M-NP size
distributions were narrow and the average diameter was 6, 3.5, 2
and ∼1 nm for Fe, Cr, Mo  and W clusters, respectively, as deter-
mined by TEM. The structure is body-centered cubic (bcc) for both
Fe and Cr clusters, face-centered cubic (fcc) for Mo  clusters, and
amorphous for W clusters as determined from the X-ray diffrac-
tion patterns (note that all the bulk metals have bcc structure). The
cluster size (n) in one cluster of average diameter was estimated
by assuming a spherical shape such that n = (cluster volume/atomic
volume) × packing fraction = (r/r0)3f, with r the cluster radius, r0 the
atomic radius and f the packing fraction (0.68 for bcc and 0.74 for
fcc). Considering the cluster sizes (n = 9630, 1870, 230 and ∼30 for
Fe-, Cr-, Mo-  and W-NPs, respectively) estimated from their average
diameters, it was found likely that there exists a structural transi-
tion from fcc to bulk bcc with increasing cluster size in these metal

clusters [41].

Giersig and Hilgendorff prepared cobalt nanoparticles by ther-
molysis of Co2(CO)8 in Ar-saturated toluene as an organic carrier at
110 ◦C in the presence of two  different surfactants. The surfactants

nge or
eter
iation) [nm]

Remarks, stabilizer Reference

ous) Sonochemical decomposition;
stabilized by polyvinylpyrrolidone
(PVP) or oleic acid

[75]

rse, Thermal decomposition, rod-shaped
particles stabilized by TOPO;
rod-shaped Fe-NPs from the controlled
growth of the monodisperse spherical
NPs

[76]

on by the
atio)

Stabilized by modified polyisobutylene
(PIB); NP characterization also by
magnetic measurements (fastoxidation
in  air); linear structures of the larger
particles (by cryo-TEM) because of
magnetic interaction

[77]

Thermal decompostition, stabilized by
polystyrene(PS)-poly-4-vinyl-pyridine
(PVP)

[78]

Thermal decomposition, stabilized by
TOPO; new structure of elemental
cobalt (�-cobalt)

[79]

Thermal decomposition, stabilized by
oleic acid or dodecane isocyanide;
alloy nanoparticles

[80]

FeCo-alloyed nanoparticles, thermal
decomposition, stabilized by oleic acid
and trioctyl-phosphane oxide

[81,82]
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Scheme 4. Thermolysis of Co2(CO)8 in the presence of aluminium alkyls to Co-NPs
C. Vollmer, C. Janiak / Coordination C

sed were sodium bis 2-(ethyl-hexyl)sulfosuccinate and oleoyl-
arcosine. The magnetic nanoparticles were then ordered into a
wo-dimensional array using a magnetophoretic technique. The
uality of the ordering was observed by electron microscopy and
he lattice constants determined by electron diffraction. Cobalt par-
icles condense into a hexagonal close packed array [42]. These
rrays of monodisperse colloidal 11.4 nm Co nanoparticles were
nvestigated by multifrequency ferromagnetic resonance and X-
ay magnetic circular dichroism (XMCD) to determine the ratio
f orbital-to-spin magnetic moment as �L/�eff

S = 0.24 ± 0.06 by
MCD [43].

Van Wonterghem, Mørup et al. [44,45],  Pathmamanoharan et al.
46], Gossens et al. [47] and Butter, Philipse et al. [48] formed iron
anoparticles by thermolysis of Fe(CO)5 in decalin with modified
olyisobutene and oleic acid as stabilizers. The magnetic Fe-NPs are
airly monodisperse even for particle radii below 10 nm.  The parti-
le size can be increased by seeded growth, and the particle shape
an be changed by using a mercaptan stabilizer, which leads to rod-
ike iron colloids. The thermal decomposition of iron pentacarbonyl
n a mixture of decalin and sarkosyl-O (n-oleyoyl sarcosine) has
een studied by Moessbauer spectroscopy. With the X-ray diffrac-
ion it was shown that the sample contained small particles of a

etallic glass (amorphous material). Annealing of the particles at
23 K resulted in crystallization of the particles into a mixture of
-Fe and Fe5C2 [44]. Fe2+ was found in all samples. After some time
f reaction, a new iron carbonyl complex appeared. During the final
tages of the reaction, this intermediate carbonyl complex decom-
osed, and ultrafine particles of an amorphous Fe100−xCx alloy were
ormed [45]. Moessbauer spectroscopy also showed that the Fe-
Ps with r = 5.3, 6.9 and 8.2 nm are dominated by the broadened

extuplet with Heff = 262 kOe similar to that found in the sarcosyl
nd oleic acid stabilized colloids. This hyperfine field character-
zes Fe1−xCx species with x ≈ 0.25 by comparison with sputtered
morphous Fe1−xCx films [49]. In addition, a small contribution of a
extuplet with Heff = 496 kOe characterizing an Fe(III) oxidic contri-
ution is visible in the spectra of the Fe-NPs with r = 5.3 and 6.9 nm.
his Fe(III) oxidic contribution is absent for the largest NP with

 = 8.2 nm,  while the spectrum of the NPs with the smallest radius
r = 2.1 nm)  turned out to be completely oxidic [47].

Huh et al. combined a thermal decomposition of metal carbonyls
ith a collision induced clustering. Metal carbonyls Fe(CO)5 and
o(CO)6 were thermally decomposed with a hot filament and the

esultant bare metal atoms underwent collisions to produce high
urity Fe, Mo,  and alloy Fe/Mo nanometer size metal particles [50].

By thermal decomposition of Fe(CO)5 with simultaneous reduc-
ion of platinum acetylacetonate Pt(acac)2 in the presence of oleic
cid and oleyl amine Sun, Murray et al. synthesized monodisperse
ron–platinum nanoparticles [51]. Chen and Nikles used this pro-
edure for the preparation of FePd and FeCoPt alloy nanoparticles
ith very narrow size distribution, using Fe(CO)5, Pd(acac)2 or

t(acac)2 and Co(acac)2 [52,53].
Puntes et al. reported the synthesis of monodisperse �-Co

anoparticles with spherical shapes and sizes ranging from 3 to
7 nm by the rapid pyrolysis of a dicobalt octacarbonyl solution in
ichlorobenzene in the presence of a surfactant mixture composed
f oleic acid, lauric acid and trioctylphosphine. The size distribu-
ion and the shape of the nanocrystals were controlled by varying
he surfactant (oleic acid, phosphonic oxides and acids, etc.) its
oncentration, and the reaction temperature [54].

Hyeon et al. utilized a high-temperature (300 ◦C) aging of an
ron-oleic acid metal complex, which was in turn prepared by the
hermal decomposition of iron pentacarbonyl in the presence of

leic acid at 100 ◦C to generate monodisperse iron nanoparticles.
he Fe-NP particle size ranged from 4 to 20 nm.  The resulting iron
anoparticles were then transformed to monodisperse �-Fe2O3
anocrystallites by controlled oxidation using trimethylamine
and smooth air oxidation for surface passivation.

oxide as a mild oxidant [55]. With a similar procedure Kim, Hyeon
et al. prepared cobalt nanoparticles from Co2(CO)8, oleic acid, tri-
octylphosphine and dioctyl ether under reflux. The Co-NPs were
applied as recyclable catalysts for Pauson–Khand reactions, which
involve the cycloaddition of alkynes, alkenes and carbon monoxide
to cyclopentenones [56].

Burke et al. prepared polymer-coated iron nanoparticles by the
thermal decomposition of Fe(CO)5 in the presence of ammonia and
polymeric dispersants [57]. The dispersants consist of polyisobuty-
lene (PIB), polyethylene, or polystyrene chains functionalized
with tetraethylenepentamine, a short polyethyleneimine chain.
Inorganic-organic core–shell nanoparticles were formed with all
three types of dispersants. With the PIB dispersants, the parti-
cle size is determined, in part, by the iron pentacarbonyl loading,
increasing from 8 ± 1 nm for a 1:1 Fe(CO)5/dispersant ratio to
20 ± 4 nm for a 5.5:1 ratio [57].

Rutnakornpituk et al. use copolymers as micelles in toluene to
serve as nanoreactors for the thermal decomposition of Co2(CO)8
to superparamagnetic Co-NP dispersions. The steric stabiliz-
ers are poly[dimethylsiloxane-b-(3-cyanopropyl)methylsiloxane-
b-dimethylsiloxane] (PDMS-PCPMS-PDMS) triblock copolymers in
poly(dimethylsiloxane) carrier fluids. The nitrile groups on the
PCPMS central blocks are thought to adsorb onto the particle
surface. The Co-NP size could be controlled by adjusting the Co-to-
copolymer ratio. TEM showed non-aggregated Co-NPs with narrow
size distributions and evenly surrounded by the copolymer sheaths
[58].

Diana et al. synthesized cobalt nanoparticles within inverse
micelles of polystyrene-block-poly(2-vinylpyridine) copolymer in
toluene by the pyrolysis of Co2(CO)8 at 115 ◦C [59]. The nanopar-
ticle structure at different reaction times was investigated using
transmission electron microscopy and Fourier transform infrared
spectroscopy (FT-IR). At early reaction stages, the nanoparticles
were noncrystalline from TEM; and FT-IR showed that the precur-
sor was only partially decomposed. After 15 min  of reaction, the
nanoparticles became crystalline, forming chains due to magnetic
interactions. The noncrystalline nanoparticles could be crystallized
upon heating to 420 ◦C on grids in the transmission electron micro-
scope. This produced nearly monodisperse single nanocrystals
inside each micelle, with limited aggregation, but such annealing
led to the degradation of the polymer [59].

Bönnemann et al. obtained monodisperse Co, Fe, and FeCo
nanoparticles through thermal decomposition of the metal car-
bonyls Co2(CO)8, Fe(CO)5 or Fe(CO)5/Co2(CO)8 in the presence of
aluminium alkyls (AlR3), as air-stable magnetic metal nanopar-
ticles after surface passivation [60–63].  After decomposition the
metal particles were treated with synthetic air through a thin cap-
illary (smooth oxidation) (Scheme 4) to yield particles stable in air
under ambient conditions for over 1 year, as confirmed by magnetic

measurements.

The aluminium alkyl acts as a catalyst, activating the ther-
mal  decomposition of the metal carbonyl as well as the surface
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assivation during the smooth oxidation. The resulting particles
trongly depend on the alkyl chain length R of the aluminium
lkyl and the Co2(CO)8 to AlR3 ratio. Monodisperse Co nanopar-
icles, 3–4.5, 6.5–8.5 and 8.5–10.5 nm in diameter, were obtained
or Al(CH3)3, Al(C2H5)3 and Al(C8H17)3, respectively. The par-
icles were characterized by electron microscopy (SEM, TEM),
lectron spectroscopy (MIES, UPS, and XPS) and X-ray absorp-
ion spectroscopy (EXAFS). EXAFS measurements showed that this
reparation pathway provides long-term stable zerovalent mag-
etic cobalt particles [62]. The chemical nature of the surfactant
sed exerts a significant influence on the stability and the local
lectronic and geometric structure of the analyzed nanoparticles
61]. With the help of surfactants, for instance oleic acid or cashew
ut shell liquid, the metal particles can be peptized in organic sol-
ents like toluene or kerosene, resulting in magnetic fluids. The
aturation of magnetization, Ms,  of the fluids was determined by
pecific magnetization. The sizes and structure of the particles were
nvestigated by transmission electron microscopy, and Moessbauer
nalysis showed that the core of the particles was metallic or
lloyed, respectively. The particle surface termination was stud-
ed by X-ray photoelectron and Auger electron spectroscopy [61].
he particles were also peptized by surfactants to form stable
agnetic fluids in various organic media and water, exhibiting

 high volume concentration and a high saturation magnetiza-
ion. In view of potential biomedical applications of the particles,
everal procedures for surface modification are possible, includ-
ng peptization by functional organic molecules, silanization, and
n situ polymerization [62]. Other procedures for surface mod-
fication of these pre-stabilized, metallic Co-NPs include direct
nchoring of surface-active functional groups and biocompatible
extran layers as well as silica and polymer coatings. As a result,

ndividually coated nanoparticles as well as microspheres can be
btained [63].

Yin et al. (2004) formed a Pt@CoO yolk–shell nanostructure in
hich a platinum nanocrystal of a few nanometers was  encap-

ulated in a CoO shell [64]. This was achieved by first reducing
latinum acetylacetonate with a longchain polyol to form uniform
latinum nanoparticles in the presence of surfactants such as oleic
cid, oleylamine, and trioctylphosphine. The size of the platinum
articles was tuned from 1 to 10 nm,  depending on the concentra-
ion of surfactants. Co2(CO)8 was then injected into the hot solution
nd decomposed to form a conformal coating on the platinum
anocrystals. Oxidation of the Pt@Co nanocrystals was performed

 few minutes after introduction of the cobalt carbonyl by blowing
 stream of O2/Ar mixture into the colloidal solution at 455 K [64].

Zubris et al. describe the synthesis of iron and cobalt alloy
anoparticles by the co-decomposition of iron and cobalt car-
onyl precursors in the presence of polystyrene as a surface
tabilizing agent [65]. The decomposition kinetics of Fe(CO)5 and
o2(CO)8 were established and controlled. The results suggest that
e(CO)5 decomposition is a higher-order process (not first-order
s previously assumed), with a complicated intermediate mech-
nism. Equal initial concentrations of both precursors generated
anoalloys with a crystalline core–shell dense morphology, while
recursor concentrations corresponding to initial equal rates of
ecomposition generated polycrystalline nanoalloys with a diffuse
orphology [65].
Korth et al. synthesized polystyrene (PS)-coated cobalt nanopar-

icles by the thermolysis of Co2(CO)8 in the presence of end-
unctional polymeric surfactants in refluxing 1,2-dichlorobenzene
66]. A mixture of amine and phosphine oxide PS surfactants
4:1 wt ratio) was  used in the thermolysis of Co2(CO)8 to prepare

olymer-coated cobalt nanoparticles, where the ligating end group
assivated the colloidal surface. The combination of both amine
nd phosphine oxide ligands on the PS chain was necessary to yield
niform ferromagnetic nanoparticles. These polymer-coated cobalt
stry Reviews 255 (2011) 2039– 2057

nanoparticles (PS-Co) were then characterized using TEM, atomic
force microscopy (AFM), and magnetic force microscopy (MFM)  to
determine particle size and morphology of magnetic colloids and
nanoparticle chains [66].

It is obvious that the use of metal carbonyls for M-NP prepa-
ration will also be noted in the patent literature. An example is
given by Mercuri, describing “a process for producing nano-scale
metal particles which includes feeding at least one metal carbonyl
into a reactor vessel; exposing the metal carbonyl to a source
of energy sufficient to decompose the metal carbonyl to produce
nano-scale metal particles; and depositing or collecting the metal
nanoparticles. Oxygen is fed into the reactor vessel to partially
oxidize the nanoscale metal particles produced by decomposition
of the decomposable moiety. The nanoscale metal particles are
then brought onto an end-use substrate which are intended to be
employed, such as the aluminium oxide or other components of an
automotive catalytic converter, or the electrode or membrane of a
fuel cell or electrolysis cell” [67,68].

Gergely et al. describe “a process for preparing superparam-
agnetic transition metal nanoparticles by introducing into a gas
stream a hydrocarbon and a transition metal carboxyl wherein
the transition metal carbonyl is introduced downstream from the
hydrocarbon; wherein at the point of introduction of the hydro-
carbon the gas stream is as a plasma, and wherein at the point of
introduction of the transition metal carbonyl the gas stream is at a
temperature of at least 1000 ◦C, followed by quenching to form C-
coated transition metal nanoparticles; and wherein the gas stream
consists essentially of at least one inert gas and H” [69].

Gürler et al. showed that hydroxyfunctional cobalt nanoparti-
cles can be obtained in a single step by thermal decomposition of
Co2(CO)8 in the presence of ricinolic acid as a functional surfactant.
The chemisorbed ricinolic acid through the carboxylic acid group
served to introduce hydroxyl groups that serve as an initiator for the
ring-opening polymerization of 3-caprolactone to give the desired
hybrid cobalt/polycaprolactone brush particles [70].

Doan et al. investigated the oxidation of Co nanoparticles sta-
bilized with various ligands in an autoclave [71]. Tridodecylamine
stabilized Co nanoparticles with different sizes (8, 22 and 36 nm)
were prepared by thermal decomposition of Co2(CO)8 in dodecane.
The oxidation of the particles was studied by introducing oxygen
into the autoclave and following the oxygen consumption with a
pressure meter. Tridodecylamine capped particles were initially
oxidized at a high rate, however, the oxidation layer quickly inhib-
ited further oxidation. The thickness of the oxide layer estimated
from the oxygen consumption was  0.8 nm for all three particle
sizes showing that the oxidation is size independent in the stud-
ied particle size range. The tridodecylamine ligand was  exchanged
for various long chain carboxylic acids followed by subsequent oxi-
dation. With the carboxylic acids the formed oxide layer does not
inhibit further oxidation as effectively as in the case of tridode-
cylamine. TEM studies show that tridodecylamine capping leads to
particles with a metal core surrounded by an oxide layer, while par-
ticles capped with long chain carboxylic acids form hollow cobalt
oxide shells [71].

Howard and coworkers used a carbonyl metallate Na2Fe(CO)4
(Collman’s reagent) and Pt(acac)2 to synthesize bimetallic fcc and
face-centered tetragonal (fct) FePt nanoparticles in hydrocarbon
solvents with the size of 3 nm stabilized by oleic acid [72].

Another way  to generate bimetallic FePt nanoparticles is the
decomposition of the bimetallic cluster Pt3Fe3(CO)15 by sonication
in toluene, oleic acid and oleylamine. The resulting nanoparticles
had a size of 2 nm [73].
Robinson et al. used the bimetallic carbonyl metallate clus-
ter anions [FeCo3(CO)12]−, [Fe3Pt3(CO)15]2−, [FeNi5(CO)13]2− and
[Fe4Pt(CO)16]2− as precursors and obtained the bimetallic FeCo3,
FePt, FeNi5 and Fe4Pt, respectively, particles by thermal decompo-
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ition in 1,2-dichlorobenzene with the average diameters of 7.0,
.4, 2.6 and 3.2 nm,  respectively. The size variation is due to the use
f different stabilizers like oleic acid, myristic acid or hexadecyl
mine [74].

The aforementioned examples together with reviews on the
hemical synthesis of metal nanoparticles [36] illustrate the wide
pplicability of commercial Fe(CO)5 and Co2(CO)8 for the prepa-
ation of iron- and cobalt-containing nanoparticles (additional
xamples are given in Table 2). Yet, it is also evident that the utiliza-
ion of metal carbonyls in nanoparticle synthesis is largely limited
o these two carbonyl compounds. This may  in part be due to the
trong interest in magnetic M-NPs. It also becomes clear that the
repared M-NPs need a protecting layer to prevent aggregation to

arger particles or oxidation.

. Synthesis of metal nanoparticles (M-NPs) in ionic liquids
ILs)

Metal nanoparticles can be synthesized in ionic liquids [83]
hrough chemical reduction [21,84–89] or decomposition [90–93],
y means of photochemical reduction [94,95] or electro-reduction
96–98] of metal salts where the metal atom is in a formally posi-
ive oxidation state and by decomposition of metal carbonyls with
ero-valent metal atoms [9,20,21,99] without the need of extra
tabilizing molecules or organic solvents [6,11,13,100,101].

A myriad of M-NPs have been prepared in ILs from compounds
ith the metal in a formally positive oxidation state Mn+. Such
-NPs then include, for example, the main-group metals and met-

lloids Al [102], Te [103], and the transition metals Ru [104], Rh
87], Ir [105], Pt [106], Ag [84,107], Au [108] (cf. Table 3).

The inclusion of metal nanoparticles in the supramolecular ionic
iquid network brings with it the needed electrostatic and steric
=electrosteric) stabilization through the formation of an ion layer
orming around the M-NPs. The type of this ion layer, hence, the

ode of stabilization of metal nanoparticles in ILs is still a mat-
er of some discussion [13,109]. Aside from the special case of
hiol-, ether-, carboxylic acid-, amino-, hydroxyl- and other func-
ionalized ILs (see Scheme 5 and accompanying text) one could
ecide between IL-cation or -anion coordination to the NP surface.
chrekker and co-workers proposed electrostatic stabilization of

 negatively charged surface of Au-NPs by parallel coordination
ode of the imidazolium cation on the basis of surface-enhanced

aman spectroscopy (SERS) studies [110]. This proposal was sup-
orted by Alvarez-Puebla and co-workers who  found a negative
eta potential of M-NPs prepared by chemical reduction processes
hich indicated a negative charge of such NPs in aqueous solutions

111].
According to DLVO (Derjaugin–Landau–Verwey–Overbeek)

heory (see Section 5) [112], ILs provide an electrostatic protection
n the form of a “protective shell” for M-NPs [100,113–117].  DLVO
heory predicts that the first inner shell must be anionic and the
nion charges should be the primary source of stabilization for the
lectrophilic metal nanocluster [112]. DLVO theory treats anions as
deal point charges. Real-life anions with a molecular volume would
e better classified as “electrosteric stabilizers” meaning to com-
ine both the electrostatic and the steric stabilization. However, the
erm “electrosteric” is contentious and ill-defined [118]. The sta-
ilization of metal nanoclusters in ILs could, thus, be attributed to
extra-DLVO” forces [118] which include effects from the network
roperties of ILs such as hydrogen bonding, the hydrophobicity and
teric interactions [2,119].
Density functional theory (DFT) calculations in a gas phase
odel favor interactions between IL anions, such as BF4

−, instead of
midazolium cations and Aun clusters (n = 1, 2, 3, 6, 19, 20). This sug-
ests a Au·  · ·F interaction and anionic Aun stabilization in fluorous
Scheme 5. Examples of functionalized imidazolium-ILs [108–110,124–126].

ILs. A small and Au-concentration dependent 19F NMR  chemical
shift difference (not seen in 11B- or 1H NMR) for Au-NP/BMIm+BF4

−

supports the notion of a BF4
−-fluorine· · ·Au-NP contact seen as cru-

cial for the NP stabilization in dynamic ILs [120]. The DFT study used
the binding energy (BE) of different IL-ions, free bases and the Cl−

anion to gold clusters of various sizes as a relative measure for the
interaction strength.

The BE is defined as the difference of the relaxed energies of the
gas phase anions and the Aun clusters to the energy of their adduct
(Eq. (1)) [120,121].

BE = E(anion) + E(Aun) − E(anion adduct to Aun) (1)

Fig. 1 shows the Aun–IL anion binding configurations and
the variation of the BE with cluster size n. Fig. 2 illustrates
Aun–substrate binding configurations and the variation of the BE
with cluster size n for BF4

− in comparison with other common sub-
strate ligands. The BE of BMIm+ is very weak and not shown here
(see in Refs. [120,121]).  BE comparison with chloride, citrate, PH3

and H2O illustrates the critical influence of the ionic charge and
electron delocalization from the ligand to Aun (Fig. 2). The softer
the anion or ligand, that is, the more charge transfer or electron
delocalization (according to Pearsons hard-soft concept and the
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Table  3
Examples of M-NPs prepared in ILs by chemical reduction.

Metal Metal salt precursor Reducing agent ILa M-NP size, average
diameter (standard
deviation) [nm]

Reference

Ru Ru(COD)(COT)b H2 BMIm+Tf2N−− 0.9–2.4 [85]
Ru(COD)(COT)b H2 BMIm+BF4

− , BMIm+PF6
− , BMIm+TfO− 2.6(4) [104]

Rh  RhCl3·3H2O H2 BMIm+PF6
− 2.0–2.5 [87]

[Rh(COD)-�-Cl]2
b H2 + laser radiation BMIm+PF6

− 7.2(1.3) [127]
Ir  [Ir(COD)Cl]2

b H2 BMIm+BF4
− , BMIm+PF6

− , BMIm+TfO− 2–3 [128]
[Ir(COD)2]BF4, [Ir(COD)Cl]2

b H2 1-alkyl-3-methyl-Im+BF4
− Irregular 1.9(4), 3.6(9) [89]

Pd H2PdCl4 NaBH4 HSCO2Im+Cl−c Nanowires [125]
PdCl2 H2 + laser radiation BMIm+PF6

− 4.2(8) [127]
Pd(acac)2 H2 BMIm+PF6

− 10(2) [91]
Pt  Na2Pt(OH)6 NaBH4 HSIm+A− or HOIm+A−d 3.2(1.1), 2.2(2), 2.0(1) [124]

H2PtCl6 NaBH4 CMMIm+Cl−e, AEMIm+Br− f 2.5 [109]
PtO2 H2 BMIm+BF4

− , BMIm+PF6
− 2–3 [129]

Ag  AgBF4 H2 BMIm+BF4
− 2.8 [85]

BMIm+PF6
− 4.4 [85]

BMIm+TfO− 8.7 [85]
BtMA+Tf2N− 26.1 [85]

Au  KAuCl4 SnCl2 BMIm+BF4
− 2.6–200 [121]

HAuCl4 Na3citrate/NaBH4 EMIm+EtSO4
− 9.4 [131]

Na3citrate EMIm+EtSO4
− 3.9 [131]

Ascorbic acid EMIm+EtSO4
− Nanorods [131]

HAuCl4·3H2O H2NNH2·H2O (hydrazine monohydrate) TriMIm+MeSO3
−g ∼7.5 [110]

HAuCl4 NaBH4 ShexMIm+Cl−h 5.0 [108]
HAuCl4 NaBH4 HSIm+A− or HOIm+A−d 3.5(7), 3.1(5), 2.0(1) [124]
HAuCl4 NaBH4 CMMIm+Cl−e, AEMIm+Br− f 3.5 [109]
HAuCl4 Na3citrate CMMIm+Cl−e, AEMIm+Br− f 23–98 [109]
HAuCl4 Cellulose BMIm+Cl− 300–800 [88]

a Common ILs: BMIm+BF4
− , BMIm+PF6

− , BMIm+TfO− = 1-n-butyl-3-methylimidazolium tetrafluoroborate, hexafluorophosphate, trifluoromethylsulfonate, BtMA+Tf2N−

n-butyl-trimethylammonium bis(trifluoromethylsulfonyl)amide (cf. Scheme 2); EMIm+EtSO4
− = 1-ethyl-3-methylimidazolium ethylsulfate.

b COD = 1,5-cyclooctadiene, COT = 1,3,5-cyclooctatriene.
c HSCO2Im+Cl− = 1-methyl-3-(2′-mercaptoacetoxyethyl)imidazolium chloride (cf. Scheme 5).
d HSIm+A− = thiol-functionalized imidazolium ILs, e.g., 1-(2′ ,3′-dimercaptoacetoxypropyl)-3-methylimidazolium, HOIm+A− = hydroxy-functionalized imidazolium ILs, e.g.,

1-(2′ ,3′-dihydroxypropyl)-3-methylimidazolium, A− = Cl− or HS-(CH2)3-SO3
− (cf. Scheme 5).

e CMMIm+Cl− = 1-carboxymethyl-3-methylimidazolium chloride (cf. Scheme 5).
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f AEMIm+Br− = 1-aminoethyl-3-methylimidazolium bromide (cf. Scheme 5).
g TriMIm+MeSO3

− = 1-triethylene glycol monomethyl ether-3-methylimidazoliu
h ShexMIm+Cl− = 3.3′-[disulfanylbis(hexane-1,6-diyl)]-bis(1-methylimidazolium

ephelauxetic series) [122] to Aun is possible, the better the sta-
ilizing effect. H2O as a hard and neutral ligand offers the least
tabilization, hence, reduction of gold salts by SnCl2 in water led
mmediately to the red purple solution (known as the Purple of
assius). Remarkably, the relatively soft chloride anion shows the

argest BE in agreement with the strong covalent binding of chloride
ons to the Au(1 1 1) surface found in recent DFT simulations [123].

The DFT calculations also indicate a weak covalent part in this
u· · ·F  interaction. Free imidazole bases (e.g., 1-methylimidazole)
how similar binding energies. The Cl− anions have the highest
inding energy and can therefore be expected to bind to the NP

f present in the solution. At the same time no significant binding
f the BMIm+ or MIm+ imidazolium cations is found. These find-
ngs support the model of preferred interaction between anions
nd Au-NPs, but also confirm the importance to consider a possible
resence of Cl− anions in the ionic liquid solution [120,121].

Compared with the non-functionalized imidazolium-ILs (cf.
cheme 2), functionalized imidazolium-ILs stabilize aqueous
ispersed metal NPs much more efficiently because of the
pecial functional group. Thiol-functionalized [108,124,125],
ther-functionalized [110], carboxylic acid-functionalized [109],
mino-functionalized [109,126],  and hydroxyl-functionalized
124] imidazolium-ILs (Scheme 5) have been used to synthesize
queous dispersed noble, primarily gold metal NPs.

.1. Chemical reduction
The reduction of metal salts is the most utilized method to gen-
rate NPs in solution and also in ILs in general. Many different types
f reducing agents are used, like gases (H2), organic (citrate, ascor-
hylsulfonate (cf. Scheme 5).
oride.

bic acid, imidazolium cation of IL) and inorganic (NaBH4, SnCl2)
agents (Table 3).

Molecular hydrogen (H2) is often taken as clean reductant.
Dupont et al. used RhCl3·3H2O as a precursor in BMIm+PF6

− for
the formation of Rh-NPs. For Ir-NPs the precursor [Ir(COD)Cl]2
(COD = 1,5-cyclooctadiene) was reduced with H2. The formation
to M-NPs was carried out at 75 ◦C and 4 bar hydrogen pres-
sure. Transmission electron microscopy (TEM) analysis showed
the particle sizes of 2.0–2.5 nm [87]. Redel et al. used hydro-
gen and AgBF4 for the synthesis of Ag-NPs in different ILs. A
correlation between the IL-anion molecular volume and the NP
size was  noted. The larger the volume of the IL-anion the larger
is the size of the Ag-NPs. Thereby it was possible to form Ag-
NPs in sizes from 2.8 to 26.1 nm with a narrow size distribution
[84].

Different researchers used hydrogen as a reagent not to reduce
the metal but to reduce (hydrogenate) the ligands COD and
COT (COT = 1,3,5-cyclooctatriene) of an Ru(0) organometallic pre-
cursor [85,104]. They dissolved Ru(COD)(COT) in imidazolium
based ILs and heated the mixture under 4 bar of hydrogen
under different conditions. Both organic ligands were reduced to
cyclooctane and thereby dissociate from the already zero-valent
metal atom. Cyclooctane can then be removed under reduced
pressure.

It is also possible to use less-noble metals for the reduction of
noble metals. The reduction of KAuCl4 by SnCl2 leads to the forma-
tion of Au-NPs [121]. By variation of the molar Au(III):Sn(II) ratio

it was possible to synthesize Au-NPs in different sizes in a stop-
and-go, stepwise and “ligand-free” nucleation, nanocrystal growth
process which can be stopped and resumed at different color steps
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Fig. 1. Relaxed configurations of Au6 bound to (a) Cl− , (b) TfO− , (c) BF4
− and (d)

PF6
− . The bond lengths are given in Å. (e) Binding energy. All the anions show a

similar behavior in their BE: the BE to a single gold atom n = 1 is quite low and more
than doubles for Au2 (n = 2). Increasing the cluster size to n = 20 does not change the
BE substantially anymore, i.e., the BE is already saturated for Au2. The chloride anion
s
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hows the largest BE of all anions and can, hence, be expected to be bound to the
lusters if it is present in the dispersion [120].

nd Au-NP sizes from 2.6 to 200 nm.  This stepwise Au-NP forma-
ion was possible because the IL apparently acted as a kinetically
tabilizing, dynamic molecular network in which the reduced Au0

toms and clusters can move by diffusion and cluster together, as

erified by TEM analysis [121].

A well-known method to generate Au-NPs was  already estab-
ished by Turkevich et al. in 1951 [130]. The reducing agent

as citrate. Bockstaller and coworkers used this method and

ig. 2. (a) Binding energies (BE) and Au-atom addition energies depending on the cluste
d)  PH3, (e) BF4

− and (f) H2O. (g) Relaxed configuration of Au7. The bond lengths are given
stry Reviews 255 (2011) 2039– 2057 2047

carried out the reduction in the imidazolium-based IL 1-ethyl-
3-methylimidazolium ethyl-sulfate (EMIm+EtSO4

−). Afterwards it
was possible to give these particles different shapes by adding Ag(I)
[131].

Taubert et al. reacted HAuCl4 with cellulose [88]. Thereby cel-
lulose has two roles: first, cellulose is the reducing agent for
Au(III). Second, cellulose acts as a morphology- and size-directing
agent, which drives the crystallization towards polyhedral particles
or thick plates. The gold particle morphologies and sizes mainly
depend on the reaction temperature. With this route it was possi-
ble to synthesize plates with a thickness from 300 nm at 110 ◦C to
800 nm at 200 ◦C.

Gold nanoparticles of 1–4 nm size could be prepared by sput-
ter deposition of the metal onto the surface of the ionic liquid
BMIm+BF4

− to generate nanoparticles in the liquid with no addi-
tional stabilizing agents [132]. Likewise, Au-NPs were prepared
by sputter deposition of Au metal in BMIm+PF6

−. The size of
Au nanoparticles was  increased from 2.6 to 4.8 nm by heat
treatment at 373 K [133]. Sputter deposition of indium in the
ionic liquids BMIm+BF4

−, EMIm+BF4
−, (1-allyl)MIm+BF4

− and (1-
allyl)(3-ethyl)Im+BF4

− could produce stable In metal nanoparticles
whose surface was  covered by an amorphous In2O3 layer to form
In/In2O3 core/shell particles. The size of the In core was tunable
from ca. 8 to 20 nm by selecting the IL [134].

Mudring and coworkers evaporated elemental Cu powder under
high vacuum (10−6 torr) into the IL 1-butyl-3-methylimidazolium
hexafluorophosphate and generated Cu nanoparticles with the
size of 3 nm.  Au nanoparticles were prepared with the same
evaporation method. Depending on the different ILs which
were used, nanoparticles from 4 to 50 nm were generated. This
method made it also possible to produce Cu/ZnO nanocomposites
[135].

Dupont et al. prepared Au-NPs with the size of 3–5 nm from gold
foil by sputtering deposition onto several imidazolium-based ILs.
[136].

In the presence of imidazolium-based ILs Pd-NPs from pal-
ladium(II) salts could be synthesized without the need for an
additional reducing agent. It is suggested that formation of N-
heterocyclic Pd-carbene complexes takes place as an intermediate
preceding the formation of Pd-NPs (Scheme 6) which can then

catalyze Suzuki C–C coupling reactions [92,137]. Pd-carbene com-
plexes are able to catalyze the Heck reaction [138,139].

Deshmukh et al. used Pd(OAc)2 or PdCl2 in the imidazolium-
based ILs BBImBr or BBImBF4 to irradiate the mixtures with

r size. (b–f) Relaxed configurations of Au6 bound to (b) Cl− , (c) citrate− (C6H7O7
−),

 in Å [121].
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Scheme 6. Reduction of Pd(II)-species with an imidazolium-based IL through inter-
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ing occurs resulting in a fast and efficient heating time [148,149].
ediate formation of Pd-carbene complexes. Decomplexation and reduction occurs
uring heating.

ltrasound for 1 h. The Pd-NPs were nearly spherical and a size of
0 nm was observed [92].

Anderson, Marr et al. formed Pd-NPs with a diameter of ∼1 nm
rom Pd(OAc)2 in BMIm+Tf2N− simply by heating to 80 ◦C in the
resence of PPh3 [93].

Ruta et al. synthesized monodisperse Pd nanoparticles
f 5 and 10 nm through reduction of Pd(acac)2 dissolved
n the hydroxyl-functionalized butyl-3-methylimidazolium
is(trifluoromethylsulfonyl)amide IL HOBMIm+Tf2N− by simple
eating in the absence of an additional reducing agent [91].

D/H exchange reactions at C2, C4 and C5 of the imidazolium
ation in catalytic hydrogenation reactions promoted by classical
r(I) colloid precursors and Ir-NPs in deuterated imidazolium ILs
upported the participation of carbene species in this media [140].

Also by thermal decomposition, albeit from an Ni(0) source,
i nanoparticles with 4.9(9) to 5.9(1.4) nm average diam-
ter (standard deviation) were prepared from the bis(1,5-
yclooctadiene)nickel(0) organometallic precursor dissolved in
-alkyl-3-methylimidazolium bis(trifluoromethylsulfonyl)amide

onic liquids [90].
Carboxylic acid- and amino-functionalized ionic liquids

MMIm+Cl− = 1-carboxylmethyl-3-methylimidazolium chloride
nd AEMIm+Br− = 1-aminoethyl-3-methylimidazolium bromide
cf. Scheme 5) were used as the stabilizer for the synthesis of
old and platinum metal nanoparticles in aqueous solution.
maller Au-NPs (3.5 nm)  and Pt-NPs (2.5 nm)  were prepared with
aBH4 as the reductant. Larger gold nanospheres (23, 42, and
8 nm)  were synthesized using different quantities of trisodium
itrate reductant. The morphology and the surface state of the
etal nanoparticles were characterized by high-resolution trans-
ission electron microscopy, UV–vis spectroscopy, and X-ray

hotoelectron. X-ray photoelectron spectra indicated that binding
nergies of C 1s and N 1s from ionic liquids on the surface of metal
anoparticles shifted negatively compared with that from pure

onic liquids. The mechanism of stabilization is proposed to be due
o the interactions between imidazolium ions/functional groups
n ionic liquids and metal atoms. The imidazolium ring moiety
f ionic liquids might interact with the �-electronic nanotube
urface by virtue of cation–� and/or �–� interactions, and the
unctionalized group moiety of ionic liquids might interact with
he metal NPs surface [109].

.2. Photochemical reduction

Photochemical methods for the synthesis of M-NPs present a
ather clean procedure because contaminations by reducing agents
re excluded.

Zhu et al. used HAuCl4·4H2O in a mixed solution of BMIm+BF4
−

nd acetone (ratio 10:1) and irradiated the salt for 8 h with a UV
ight at a wavelength of 254 nm.  The UV light turns the acetone

nto a free radical, which then reduces the cationic Au(III) to Au-
Ps. The obtained Au nanosheets were about 4 �m long and 60 nm

hick [94].
stry Reviews 255 (2011) 2039– 2057

Firestone et al. used this route to form Au-NPs from HAuCl4 in
the IL 1-decyl-3-methyl-imidazolium chloride in water. The irra-
diation was carried out with 254 nm UV light for 30–70 min. The
obtained Au-NPs were analyzed by scanning electron microscopy
(SEM). The nanorods had different shapes and morphologies. The
sizes varied between 100 and 1000 nm [95].

Harada et al. used a high-pressure mercury lamp to irradiate
AgClO4 in a mixture of an IL, water and Tween 20 (polyoxyethylene
sorbitan monolaurate). Benzoin was used as photoactivator. The
average diameters of Ag-NPs prepared in water/BMIm+BF4

− and
water/OMIm+BF4

− (1-octyl-3-methylimidazolium) microemul-
sions were 8.9 and 4.9 nm,  respectively [141].

4.3. Electroreduction

Another clean route to prepare nanoparticles is electro-
reduction as only electrons are used as the reducing agent. It should
be noted, however, that the size of the metal nanoparticles from
electroreduction is often above the 100 nm definition limit for
nanoparticles.

Imanishi et al. used a low-energy electron beam irradiation
to synthesize Au-NPs from a NaAuCl4·2H2O precursor in the IL
BMIm+Tf2N−. The obtained particles had a large size of 122 nm
[142].

It is also possible to deposit particles on supporting material.
Roy et al. prepared Ag-NPs from AgBF4 in BMIm+BF4

− on TiO2. The
electroreduction was  performed in the high vacuum chamber of
a SEM. The resulting Ag-NPs arranged themselves in a dendritic
network structure [143].

Fu et al. reduced graphene oxide (GO) and HAuCl4 simultane-
ously in BMIm+PF4

− at a potential of −2.0 V. The obtained Au-NPs
on the electrochemical reduced graphene had a size of 10 nm [144].

El Abedin and Endres used Ag(TfO) as a source of silver.
The precursor was electrochemically reduced in 1-ethyl-3-
methylimidazolium trifluoromethylsulfonate, EMIm+TfO−. The
prepared Ag nanowires were 3 �m long and 200 nm wide [145].

CuCl as precursor was  used by Lu et al. and reduced in a cavity
microelectrode in BMIm+PF6

−. The electrode potential was  varied.
The smallest particles had a size of 10 nm and were obtained at an
electrode potential of −1.8 V [146].

4.4. Metal carbonyl precursors for metal nanoparticles in ILs

As pointed out in Section 3 metal carbonyls contain the metal
atoms already in the zero-valent oxidation state needed for the
metal nanoparticles. No reducing agent is necessary. The side prod-
uct CO is largely given off to the gas phase and removed from
the M-NP/IL dispersion. The M-NP synthesis in IL from Mx(CO)y

is generally carried out without any additional stabilizers, surfac-
tants or capping molecules which is different from the use of metal
carbonyls for the M-NP syntheses described in Section 3. Metal
carbonyls can be decomposed to metal nanoparticles in ILs by con-
ventional thermal heating, UV-photolysis or microwave irradiation
(MWI)  (Fig. 3a–c).

ILs are an especially attractive media for microwave reactions
and have significant absorption efficiency for microwave energy
because of their high ionic charge, high polarity and high dielectric
constant [18]. Microwave heating is extremely rapid. Microwaves
are a low-frequency energy source that is remarkably adaptable
to many types of chemical reactions [147]. Microwave radiation
can interact directly with the reaction components: the reactant
mixture absorbs the microwave energy and localized superheat-
Using microwaves is a fast way to heat reactants compared with
conventional thermal heating. Any presumptions about abnormal
“microwave effects” [150–152] have been proven wrong in the
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active catalysts in the biphasic liquid–liquid hydrogenation of
cyclohexene or benzene to cyclohexane. Even a remarkable partial
hydrogenation of benzene to cyclohexene could be achieved with
Fig. 3. (a) Setup for conventional thermal heating of Mx(CO)y/IL dispersio

eantime [153,154].  Moreover, microwave reactions are also an
instant on/instant off” energy source, significantly reducing the
isk of overheating reactions [147,148].

Metal nanoparticles (M-NPs) were reproducibly obtained by
asy, rapid (3 min) and energy-saving 10 Watt microwave irra-
iation (MWI)  under an argon atmosphere from their metal
arbonyl precursors Mx(CO)y in ILs. This MWI  synthesis was  com-
ared to UV-photolytic (1000 W,  15 min) or conventional thermal
ecomposition (180–250 ◦C, 6–12 h) of Mx(CO)y in ILs. The MWI-
btained nanoparticles have a very small (<5 nm)  and uniform size
nd are prepared without any additional stabilizers or capping
olecules as long-term stable M-NP/IL dispersions [characteri-

ation by transmission electron microscopy (TEM), transmission
lectron diffraction (TED) and dynamic light scattering (DLS)].

Stable chromium, molybdenum and tungsten nanoparticles
ould be obtained reproducibly by thermal or photolytic decom-
osition under argon from their mononuclear metal carbonyl
recursors M(CO)6 (M = Cr, Mo,  W)  suspended in the ionic liquids
MIm+BF4

−, BMIm+TfO− and BtMA+Tf2N− (Scheme 7) [99]. Later
n even more rapid and energy-saving decomposition could be
chieved with a 10 W microwave irradiation for 3 min  of 0.4 ml
0.48 g) of a BMIm+BF4

− sample with a 0.5 wt.% M/IL-dispersion
21]. The resulting Cr-, Mo-  and W-NPs were of very small and uni-
orm size of 1–1.5 nm in BMIm+BF4

− (Table 4) which increases with
he molecular volume of the ionic liquid anion to ∼30–100 nm in
tMA+Tf2N− (Fig. 4). Characterization was done by TEM, dynamic

ight scattering (DLS) and transmission electron diffraction (TED)
nalysis [99].

Complete M(CO)6 decomposition from the short, 3 min
icrowave irradiation was verified by Raman spectroscopy with

o (metal-)carbonyl bands between 1750 and 2000 cm−1 being

bserved any more after the microwave treatment (Fig. 5) [21].

Stable manganese and rhenium metal nanoparticles were repro-
ucibly obtained by microwave irradiation or UV photolysis

cheme 7. Formation of Cr, Mo  and W nanoparticles by microwave, photolytic
r  thermal decomposition of metal carbonyls M(CO)6 under argon in ionic liquids
21,99].
der argon, (b) UV reactor, (c) commercial laboratory microwave reactor.

from their metal carbonyl precursors M2(CO)10 in the ionic liq-
uid 1-butyl-3-methylimidazolium tetrafluoroborate (BMIm+BF4

−)
(Scheme 8, Fig. 6, Table 4) [21].

Complete M2(CO)10 decomposition from the short, 3 min
microwave irradiation was verified by Raman spectroscopy with
no (metal-)carbonyl bands between 1750 and 2000 cm−1 being
observed any more after the microwave treatment (Fig. 7) [21].

Stable iron, ruthenium and osmium nanoparticles are obtained
reproducibly by microwave irradiation, photolytic or conventional
thermal decomposition under argon atmosphere from Fe2(CO)9,
Ru3(CO)12 or Os3(CO)12, dissolved in the ionic liquid BMIm+BF4

−

and with a very small and uniform size for Ru and Os nanoparticles
of about 1.5–2.5 nm without any additional stabilizers or capping
molecules (Scheme 9, Figs. 8–10, Table 4) [9,21].

Complete Mx(CO)y (M = Fe, Ru, Os) decomposition from the
short, 3 min  microwave irradiation was verified by Raman spec-
troscopy with no (metal-)carbonyl bands between 1750 and
2000 cm−1 being observed any more after the microwave treat-
ment (Fig. 10)  [21].

The Ru-NP/BMIm+BF4
− and other M-NP/IL dispersions were
Fig. 4. Correlation between the molecular volume of the ionic liquid anion
(VIL) and the observed W nanoparticle size with standard deviations as error
bars (from TEM and dynamic light scattering). IL anions range from BF4

−

(smallest) over trifluoromethylsulfonate (triflate, CF3SO3
− , TfO−) to the largest

bis(trifluoromethylsulfonyl)amide [(CF3SO2)2N− , Tf2N−] [99].
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Table 4
M-NP (M = Cr, Mo,  W,  Re, Mn,  Fe, Ru, Os, Co, Rh and Ir) size and size distribution in BMIm+BF4

− [21].a

Entry Metal carbonyl Microwave
decompositionb

Photolytic
decompositionc

Conventional thermal
decompositiond

TEM NP diameter/nm
(standard deviation �)

Dynamic light scattering
NP median diametere/nm
(standard deviation �)

TEM NP diameter/nm
(standard deviation �)

Dynamic light scattering
NP median diametere/nm
(standard deviation �)

TEM NP diameter/nm
(standard deviation �)

Dynamic light scattering
NP median diametere/nm
(standard deviation �)

1 Cr(CO)6 ≤1.5 (±0.3)f 3.8 (±0.8) 4.4 (±1.0) 7.1 (±0.3) ≤1.5 (±0.3)g 3.0 (±0.6)g

2 Mo(CO)6 ∼1–2 4.5 (±0.8) ∼1–2g 3.8 (±1.1)g ≤1.5 (±0.3)g 2.5 (±0.6)g

3 W(CO)6 3.1 (±0.8) 5.2 (±1.2) <1 10.8 (±0.5) ≤1.5 (±0.3)g 3.1 (±0.5)g

4 Mn2(CO)10 12.4 (±3)h 29 (±5.0)h <1 2.5 (±0.8) – –

5 Re2(CO)10 2.4 (±0.9) 5.7 (±1.4) <1 7.2 (±2.2) – –

6 Fe2(CO)9 8.6 (±3.2)i 12.8 (±0.6)i 7.0 (±3.1)i 12.5 (±0.5)i 5.2 (±1.6)g 10.1 (±2.1)g

7 Ru3(CO)12 (a) 1.6 (±0.3)
(b) 1.6 (±0.3)j

(a) 3.2 (±0.8)
(b) 3.2 (±0.8)j

2.0 (±0.5)g 3.9 (±1.0)g 1.6 (±0.4)g 2.9 (±0.5)g

8 Os3(CO)12 0.7 (±0.2) 2.8 (±0.7) 2.0 (±1.0) 2.1 (±0.4) 2.5 (±0.4)g,k 5.6 (±1.5)l

9 Co2(CO)8 5.1 (±0.9) 20 (±3) 8.1 (±2.5) 12.6 (±0.4) 14 (±8)g –

10  Rh6(CO)16 (a) 1.7 (±0.3)
(b) 1.7 (±0.3)j

3.7 (±0.6)
3.4 (±0.5)j

1.9 (±0.3) 5.5 (±0.4) 3.5 (±0.8)g 7.0 (±1.2)g

11 Ir6(CO)16 0.8 (±0.2) 3.3 (±0.9) 1.4 (±0.3) 4.1 (±1.2) (a) 1.1 (±0.2)g

(b) 1.3 (±0.2)g,m
4.1 (±0.7)g3.4 (±1.0)g,m

a Median diameters and standard deviations are for a single TEM or DLS experiment. Reproducibility of the particle size and distribution was insured by selected repeated TEM experiments and especially by DLS which was
carried  out for almost all repeated decomposition reactions. Solubility of metal carbonyl precursors in BMIm+BF4

− is limited to a maximum value of about 1 wt.% M.
b Microwave decomposition of metal carbonyls with 10 W for 3 min  unless mentioned otherwise.
c Photolytic decomposition of metal carbonyls with a 1000 W Hg lamp (200–450 nm wavelength) for 15 min.
d Thermal decomposition of metal carbonyls from 6 to 12 h with 180–230 ◦C depending on the metal carbonyl.
e Hydrodynamic radius, median diameter from the first three measurements at 633 nm.  Only the first three scans are somewhat reliable, because the laser light used for the measurements induces clustering of the nanoparticles

upon  repeated number of scans. The hydrodynamic radius is roughly 2–3 times the size of the pure kernel cluster. For very small M-NPs (∼1 nm) the size of the hydrodynamic radius can even increase to more than 3 times the
M-NP  radius. The resolution of the DLS instrument is 0.6 nm.

f TEM pictures with particles of median diameter of less than 1.5 nm show electron dense cloudy structures due to scattering by the surrounding IL so that resolution of the TEM is limited and particles below 1.5 nm are hardly
resolved.

g Data from Refs. [9,20,99].
h Mn2(CO)10 was of larger grain size than all the other metal carbonyls which came as fine powders. Also upon grinding in a mortar, Mn2(CO)10 could not be as finely powdered as the other metal carbonyls.
i TEM/TED analyses of the nanoparticles from the microwave and photolytic decomposition of Fe2(CO)9 show the presence of iron oxide, Fe2O3. Because of the experimental setup rigorous air exclusion is more difficult during

the  microwave irradiation and photolysis and workup.
j Microwave decomposition of metal carbonyls with 10 W for 10 min.
k 0.2 wt.% Os3(CO)12 in BMIm+BF4

− .
l 1 wt.% Os3(CO)12 in BMIm+BF4

− .
m 18 h decomposition time of 0.5 wt.% Ir4(CO)12 in BMIm+BF4

− .
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Fig. 5. Raman-FT spectra. Top: pure Cr(CO)6 and Cr(CO)6 in BMIm+BF4
−; bottom:

Cr(CO)6 in BMIm+BF4
− before and after 3 min  10 W microwave irradiation (MWI).
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Fig. 6. TEM photograph of Re-NPs from Re2(CO)10 by MWI  (Ø 2.4 (±0.9) nm,  entry
5  in Table 4) [21].
ed  boxes highlight the indicative chromium carbonyl bands [21].

u-NP/BMIm+PF6
− dispersions [105]. The low miscibility of sub-

trates and products with the IL phase allows for easy separation
y simple decantation of the hydrophobic phase [19]. The hydro-
enation reaction of cyclohexene was run at 90 ◦C and 10 bar H2
o 95% conversion where the reaction was intentionally stopped as
hereafter the decrease in cyclohexene concentration lowered the
eaction rate (Fig. 11)  [21].

Silva, Dupont et al. have prepared cobalt nanoparticles with a

ize of around 7.7 nm by the decomposition of Co2(CO)8 in 1-alkyl-
-methylimidazolium Tf2N− ionic liquids at 150 ◦C. These Co-NPs
ere effective catalysts for the Fischer–Tropsch (FT) synthesis,

cheme 8. Formation of Mn and Re nanoparticles by microwave, photolytic or
hermal decomposition of the metal carbonyls M2(CO)10 under argon in the IL
MIm+BF4

− [21].

Fig. 7. Raman-FT spectra. Top: pure Mn2(CO)10 and Mn2(CO)10 in BMIm+BF4
−; bot-

tom:  Mn2(CO)10 in BMIm+BF4
− before and after 3 min 10 W microwave irradiation

(MWI). Red boxes highlight the indicative manganese carbonyl bands [21].
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Scheme 9. Formation of Fe, Ru and Os nanoparticles by microwave, photolytic
or  thermal decomposition of metal carbonyls Mx(CO)y under argon in the IL
BMIm+BF4

− [9,21].

Fig. 8. TEM photograph of Ru-NPs from Ru3(CO)12 by photolytic decomposition
(0.08 wt.% Ru in BMIm+BF4) (Ø 2.0 (±0.5) nm,  entry 7 in Table 4) [9].

Fig. 9. TEM photograph of Os-NPs from Os3(CO)12 by conventional thermal decom-
position (0.2 wt.% Os in BMIm+BF4

−) (Ø 2.5 (±0.4) nm,  entry 8 in Table 4) [9].
Fig. 10. Raman-FT spectra. Top: pure Os3(CO)12 and Os3(CO)12 in BMIm+BF4
−; bot-

tom: Os3(CO)12 in BMIm+BF4
− before and after 3 min 10 W microwave irradiation

(MWI). Red boxes highlight the indicative osmium carbonyl bands [21].

yielding olefins, oxygenates, and paraffins (C7–C30) and could be
reused at least three times if they were not exposed to air [155].

The decomposition of Co2(CO)8 dispersed in 1-n-decyl-
3-methylimidazolium bis(trifluoromethylsulfonyl)amide
(DMIm+Tf2N−) at 150 ◦C over 1 h afforded a black solution
containing Co-NPs with a cubic shape (53 ± 22 nm), together with
Co-NPs of irregular shape [156].

Stable cobalt, rhodium and iridium nanoparticles were obtained
reproducibly by thermal decomposition under argon from
Co2(CO)8, Rh6(CO)16 and Ir4(CO)12 dissolved in the ionic liquids
BMIm+BF4

−, BMIm+TfO− and BtMA+Tf2N− (Scheme 10,  Fig. 12,
Table 4) [20]. Later an even more rapid and energy-saving decom-
position could be achieved with a 10 W microwave irradiation for
3 min  of 0.4 ml  (0.48 g) of a BMIm+BF4

− sample with a 0.5 wt.%
Mx(CO)y/IL-dispersion to yield the M-NP/IL-dispersion [21]. The
very small and uniform nanoparticle size of about 1–3 nm for
the Co-, Rh- or Ir-NPs in BMIm+BF4

− (Table 4) increases with
the molecular volume of the ionic liquid anion in BMIm+TfO−

and BtMA+Tf2N− (Fig. 13). Characterization of the nanoparti-
cles was  done by TEM, transmission electron diffraction (TED),
X-ray powder diffraction (XRPD) and dynamic light scattering

(DLS). The rhodium or iridium nanoparticle/IL systems func-
tion as highly effective and recyclable catalysts in the biphasic
liquid-liquid hydrogenation of cyclohexene to cyclohexane with
activities of up to 1900 mol  cyclohexane × (mol Ir)−1 × h−1 and
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Fig. 11. Activity for seven runs of the hydrogenation of cyclohexene with the same
Ru-NP/BMIm+BF4

− catalyst at 90 ◦C, 10 bar H2 pressure, run to 95% conversion and
H2 uptake over time for the 1st, 3rd, 5th and 7th hydrogenation run. An H2 uptake
of 0.38 g corresponds to 95% conversion (100% are 0.2 mol  or 0.4 g H2) [21].
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face of the electrophilic NP [159]. Thus, the NPs with their anion
layer assume a negative charge and turn into a large multi-negative
anion. The repulsion between two  such negatively charged NPs is
the Coulomb part of the DLVO theory.
cheme 10. Formation of Co, Rh and Ir nanoparticles by microwave, photolytic or
hermal decomposition of metal carbonyls Mx(CO)y under argon in ionic liquids
20,21].

80 mol  cyclohexane × (mol Rh)−1 × h−1 for quantitative conver-
ion at 4 bar H2 pressure and 75 ◦C (Fig. 14).

Stable ruthenium or rhodium metal nanoparticles could be sup-

orted on chemically derived graphene (CDG) surfaces with small
nd uniform particle sizes (Ru 2.2 ± 0.4 nm and Rh 2.8 ± 0.5 nm)
y decomposition of their metal carbonyl precursors Ru3(CO)12
nd Rh6(CO)16, respectively, by rapid microwave irradiation in
stry Reviews 255 (2011) 2039– 2057 2053

a suspension of CDG in BMIm+BF4
− (Scheme 11,  Fig. 15). The

obtained hybrid nanomaterials Rh-NP/CDG and Ru-NP/CDG were
– without further treatment – catalytically active in hydrogena-
tion reactions yielding complete conversion of cyclohexene or
benzene to cyclohexane under organic-solvent-free and mild
conditions (50–75 ◦C, 4 bar H2) with reproducible turnover fre-
quencies of 1570 mol  cyclohexane × (mol Ru)−1 × h−1 and 310 mol
benzene × (mol Rh)−1 × h−1. The catalytically active M-NP/CDG-
nanocomposite material could be recycled and used for several runs
without any loss of activity. (Scheme 11,  Fig. 16) [157].

5. DLVO theory

This section gives a brief overview on the theory for the treat-
ment of particle dispersions.

The classic theory for interaction of two  particles in a dispersion
is the DLVO (Derjaugin–Landau–Verwey–Overbeek) theory, devel-
oped by the research groups of Derjaugin and Landau in the USSR
and the group of Vervey and Overbeek in the Netherlands nearly
simultaneously in the 1940s. This basic and most commonly theory
is considered as a combination of the repulsive Coulomb and the
attraction van der Waals forces. Hence DLVO potential is the sum
of an effective electrostatic term and a direct van der Waals term.

Some simplifications and assumptions are involved in this the-
ory: the surfaces of the particles are flat. The charge density
is homogeneous and remains homogenous, even when particles
approach each other. Also there is no change of the concentration
of the counter ions which cause the electric potential. The solvent
itself has only an influence through its dielectric constant.

It is quite clear that the surface of a particle is not flat and the
charge density changes when two  particles approach each other. It
is evident that the theory can only approximate the real-life inter-
actions of two  particles. DLVO theory works very well and is the
best predictor of the stability of lyophobic colloids. This theory is
fundamental for chemists working on and with colloids [158].

It should be pointed out that there are two main types of stabi-
lizers for NPs: Electrostatic or “DLVO-type” stabilizers which are
considered as point charge stabilizers and “classical” steric sta-
bilizers. Small anions like halides seem to be the closest real-life
electrostatic stabilizers.

Concerning nanoparticles and their interactions, the anion is
the main focus because anions will bind to the unsaturated sur-
Scheme 11. The use of microwave irradiation for the easy synthesis of transition
metal nanoparticles supported on chemically derived graphene (CDG) in ILs. The
hybrid nanomaterials Ru-NP/CDG and Rh-NP/CDG were active hydrogenation cata-
lysts [157].
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ig. 12. TEM photographs. Left: Rh-NPs from Rh6(CO)16 (0.5 wt.% Rh in BMIm+BF4
− , Ø

8  h, Ø 1.3 (±0.2) nm„  entry 11b in Table 4), both by conventional thermal decompo

The stability of colloids is a balance between Coulomb forces
nd van der Waals attraction. A measure of the stability of a colloid
s the thickness of the Debye layer, which is the sum of the layers of
ounterions surrounding the particle. The thicker the Debye layer
he more stable is the particle because the distance to the next
article is greater and the van der Waals attraction is reduced. Finke
t al. studied the stability of colloids in different solvents and found
hat the higher the dielectric constant of the medium the better is
he stabilization of the colloid [160].

The DLVO theory has its limits. It can only be applied to dilute
ystems (<5 × 10−2 mol/l). It does not work for higher concen-
rations. It cannot be applied to ions with multiple charge and
terically stabilized systems [161]. Nowadays the DLVO theory

as been supplemented with “extra-DLVO” forces which include
ffects such as hydrogen bonding, the hydrophobicity and steric
nteractions.

ig. 13. Correlation between the molecular volume of the ionic liquid anion
VIL-anion) and the observed Rh nanoparticle size with standard deviations as error
ars (from TEM). IL anions range from BF4

− (smallest) over trifluoromethylsul-
onate (triflate, CF3SO3

− , TfO−) to the largest bis(trifluoromethylsulfonyl)amide
(CF3SO2)2N− , Tf2N−] [20].
0.8) nm,  entry 10 in Table 4); right: Ir-NPs from Ir4(CO)12 (0.5 wt. % Ir in BMIm+BF4
− ,

 [20].

The van der Waals term is calculated as an integral of inter-
atomic dispersion interactions over the volume of both particles
(Eq. (2)) [162].

PMFel
DLVO(r) = LBZ1Z2

exp(�a1) exp(�a2) exp(−�r)
(2)
Fig. 14. Activity over seven catalytic runs for the hydrogenation of cyclo-
hexene with the same Rh-NP/BMIm+BF4

− catalyst at 75 ◦C, 4 bar H2 pressure
and 2.5 h reaction time. An activity of 350 mol product × (mol Rh)−1 × h−1 cor-
responds to 88% and an activity of 400 to quantitative (100%) conversion.
With the homologous Ir-NP/BMIm+BF4

− catalyst even higher activities up to
1900 mol  cyclohexane × (mol Ir)−1 × h−1 could be obtained under the same condi-
tions, also due a shorter reaction time of 1 h for near quantitative conversion [20].
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Fig. 15. TEM and TED pictures. Top row: Ru-NP supported on chemically derived graphen
Rh6(CO)16, respectively, in CDG/BMIm+BF4

− [158].

F
s

ig. 16. Activities for the hydrogenation of cyclohexene to cyclohexane with the
ame M-NP/CDG catalyst in 10 consecutive runs [157].
e (CDG), bottom row: Rh-NP on CDG, from microwave irradiation of Ru3(CO)12 and

the concentration of microion i, Zi the charge of the colloids 1 and
2, ai the radius of the colloids, and r is the distance between the
colloids.

This term is neglected within the basic model, but it is important
for large colloidal particles. To compute the effective electrostatic
component, microions are described by point charges and two
approximations are made, the Poisson–Boltzmann (PB) approx-
imation (that is, a mean-field treatment of micro ions), and an
expansion of the charge density to linear order in the electrostatic
potential.

Despite its success, the DLVO theory fails to predict some experi-
mental behaviors. The attraction between equally charged particles
in the presence of multivalent counterions is the most surpris-
ing one [163]. Numerical simulations within the basic model have
remarkably contributed to understand such failure. It has been
proven that Poisson–Boltzmann theory cannot predict an attrac-
tion, while the PMF  computed by simulations can be attractive.
Therefore, the attraction can be explained by the correlations
between microions, missed within the mean field PB treatment,
but present in the simulations. The review by Dijkstra devoted to

the simulations of charged colloids summarizes work on this issue
[163].
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. Conclusions

In this review is shown that ionic liquids (ILs) are remark-
ble and excellent media for the synthesis and stabilization of
etal nanoparticles (M-NPs) without the need of additional sta-

ilizers, surfactants or capping ligands. ILs can be regarded as
 supramolecular three-dimensional electrostatic and hydrogen-
onded network. The stabilization of metal nanoparticles in ILs can,
hus, be attributed to “extra-DLVO” forces which include effects
rom the network properties of ILs such as hydrogen bonding, the
ydrophobicity and steric interactions to prevent M-NPs agglomer-
tion. Various chemical synthesis methods of metal nanoparticles
n ILs allow for the design of a variety of M-NP shapes and
izes. The synthesis of M-NPs can proceed by chemical reduc-
ion, thermolysis, photochemical decomposition, electroreduction,

icrowave and sonochemical irradiation. A microwave induced
hermal decomposition of metal carbonyls Mx(CO)y in ILs provides
n especially rapid and energy-saving access to M-NPs because of
he ILs significant absorption efficiency for microwave energy due
o their high ionic charge, high polarity and high dielectric con-
tant. Metal carbonyls Mx(CO)y present attractive synthons as they
re readily commercially available and contain the metal atoms
lready in the zero-valent oxidation state needed for M-NPs. No
xtra reducing agent is necessary and the only side product CO is
iven off to the gas phase and removed from the dispersion, thereby
argely avoiding contaminations of the M-NP/IL dispersion.
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