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2.8 ± 0.5 nm) by decomposition of their metal carbonyl precursors by rapid microwave irra-
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diation in a suspension of CDG in the ionic liquid 1-butyl-3-methylimidazolium tetrafluoroborate. The graphene-supported hybrid nanoparticles were shown to be active and could
be re-used at least 10 times as catalysts for the hydrogenation of cyclohexene and benzene
under organic-solvent-free conditions with constant activities up to 1570 mol cyclohexane · (mol metal)

1

·h

1

at 4 bar and 75 C.
 2010 Elsevier Ltd. All rights reserved.

1.

Introduction

Metal nanoparticles (M-NPs) are of high interest in catalysis
[1]. M-NPs can be synthesized in ionic liquids (ILs) [2] by thermal decomposition of their metal carbonyls [3–5] in a rapid
(min) and low-energy (10–20 W) procedure using microwave
irradiation (MWI) [1,6]. ILs are an ideal media for microwave
reactions with a significant absorption efficiency for microwave energy and also for the stabilization of M-NPs, both because of their high ionic charge, high polarity and high
dielectric constant [1,7–9]. An efficient M-NP stabilization is
also possible on solid surfaces [10,11] including graphenes
[12–17].
During the last few years, chemically derived graphene
(CDG) [16–20], also called thermally reduced graphite oxide
[21–23] or simply graphene, has been rediscovered as an extremely versatile carbon material [14,17,24]. Because of the

functional groups present in CDG (Fig. S1b in Supporting
information), the sorption of ions and molecules is possible
[14]. This and the high specific surface area of CDG of
400 m2 g 1 up to 1500 m2 g 1, make them promising materials
for catalytic applications [14]. Metal-nanoparticles on carbon
materials are of recent interest [25–31]. Pt-, Ru- or Pd-NPs on
exfoliated graphene sheets were produced from heating
graphite oxide (GO) with the metal complexes [Pt(NH3)4]Cl2ÆH2O, [Ru(NH3)6]Cl2 or [Pd(NH3)4]Cl2ÆH2O under an N2 atmosphere [32]. Graphene supported M-NPs are composite
materials [33] that may find applications as chemical sensors
[34], electrodes for fuel cells [35–37], catalysis [38–41] or hydrogen storage [42].
Here we show that Ru- and Rh-NPs can easily be deposited
on CDG-surfaces by decomposition of their metal carbonyls
Ru3(CO)12 and Rh6(CO)16, respectively, through low-energy
and rapid microwave irradiation (20 W, 6 min) in suspensions
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of CDG in BMImBF4. The resulting M-NP/CDG composites are
active hydrogenation catalysts.

2.

Experimental

2.1.

Materials and instrumentation

Ru3(CO)12 and Rh6(CO)16 were obtained from ABCR, benzene
(p.A.) from Merck, cyclohexene (p.A., purity >99.5%) from Acros Organics and Sigma–Aldrich and used without further purification. CDG was prepared in a two step oxidation/thermal
reduction process using natural graphite (type KFL 99.5 from
Kropfmühl AG, Passau, Germany) as raw material. The graphite oxidation process of Hummers and Offeman [43] was employed (see Supporting information). The ionic liquid (IL) 1butyl-3-methylimidazolium tetrafluoroborate, BMImBF4 was
received from IoLiTec (Denzlingen, Germany, www.iolitec.de)
(H2O content «100 ppm; Cl content «50 ppm). The IL was
dried under high vacuum (10 3 mbar) for several days.
All synthesis experiments were done using Schlenk techniques or a glove box under argon since the metal carbonyls
are hygroscopic and air sensitive. The microwave reactions
were carried out in the laboratory microwave system Discover
by CEM.
Transmission electron microscopy (TEM) photographs
were taken at room temperature from a 200 lm carboncoated copper grid on a Zeiss LEO 912 transmission electron
microscope operating at an accelerating voltage of 120 kV.
The particle size was determined by measuring manually at
least 100 particles from different images using iTEM software
tools for manual measurements by OlympusSIS. Completely
automatic measurements, which can be easily performed
for well separated particles, fail in the case of heavily clustered particles. For a better comparison of the samples also
particles which would have allowed automatic detection were
measured manually.
Metal analyses were performed by flame atomic absorption spectroscopy (AAS) on a Vario 6 from Analytik Jena.
Gas chromatographic analyses were done on a Perkin–Elmer 8500 with an HS-6B inlet (HS headspace), equipped with
a DB 5 column (60 m · 0.32 mm, film thickness 25 lm, oven
temperature 60 C) for cyclohexene or a PEG column
(25 m · 0.32 mm, film thickness 1.0 lm, oven temperature
40 C) for benzene (both at an N2 carrier flow of 120 L/min)
and flame ionization detector (FID, 250 C detector temperature). Probe injection occurred through the headspace sampler thermostated for 20 min to 50 C. The benzene or
cyclohexene to cyclohexane conversion was analyzed by
putting a drop of the mixture into a GC sample vial with
1 ml of distilled water. The addition of water as a non-electrolyte can enlarge the activity coefficient of organic components, thereby increase their detection sensitivity through
the increase in peak area. The FID does not detect the water
[44] itself. The vial was closed with aluminum crimp caps
(with butyl rubber septum), placed into the headspace sampler of the GC-headspace. After the thermostatization time
a sample was automatically drawn from the gas phase in
the vial. The product was analyzed by the GC retention time
versus authentic samples of benzene or cyclohexene and
cyclohexane. Hydrogenation conversion (%) was calculated
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from the obtained cyclohexane-to-benzene or -cyclohexene
peak area, respectively, and compared to a calibration curve
from different ratios of given benzene or cyclohexene/cyclohexane mixtures which had been measured under identical
headspace conditions.

2.2.
Synthesis
of
chemically
derived
graphene
(‘‘graphene’’)-supported transition metal-nanoparticles (MNP/CDG)
In a typical experiment chemically derived graphene (CDG,
4.8 mg, 0.2 wt.% related to 2.4 mg IL) was dissolved/suspended in the dried and degassed (desoxygenated) ionic liquid BMImBF4 (2.0 ml, 2.4 g, q = 1.2 g/mL) at room
temperature with magnetic stirring for 20 h in a microwavereaction vial. The solid metal carbonyl powders Mx(CO)y
[50.6 mg Ru3(CO)12, 0.230 mmol Ru or 62.5 mg Rh6(CO)16,
0.235 mmol Rh, see Table S1a, Supporting information] were
added to the CDG slurry in BMImBF4 (1 wt.% metal, related
to 2.4 g BMImBF4) and suspended with magnetic stirring for
18 h under argon atmosphere. Then, the stirring bars were removed and the mixture was subjected to microwave irradiation (6 min, 20 W) under argon atmosphere.
For workup the slurry was degassed from CO in vacuo. Distilled water (6 ml) was added to remove the ionic liquid from
the M-NP/CDG system. The black slurry was centrifuged
(2 · 15 min, 2000 rpm, Hettich Rotina 46) and the supernatant
liquid H2O/IL phase decanted and discarded. The addition of
H2O, centrifugation and decantation was repeated three
times. At last, the residue was again dispersed in water, filtered and dried under vacuum. The dry black-greyish residue
formed flakes which could easily be removed from the filter to
yield 25.0 mg (83%) Ru-NP/CDG and 15.7 mg (54%) Rh-NP/CDG.
The primary characterization of the M-NP/CDG composite
was carried out by transmission electron microscopy (TEM).
The Ru or Rh metal content of the M-NP/CDG samples was
determined with AAS by digestion of the sample (15 mg) in
hot aqua regia [30 ml, HCl (37%)/HNO3 (65%) 3:1]. After the
aqua regia was boiled down, the residue was re-dissolved in
HCl (30 ml, 37%) and boiled down again. The residue was resolved in conc. HCl (37%) and the solution was filtered to remove particles. Aqua regia was added to a total volume of
25 ml followed by AAS analysis. Ru and Rh contents of the
M-NP/CDG samples were 17.4 and 17.0 wt.%, respectively.

2.3.

Hydrogenation of cyclohexene

The hydrogenation reactions of cyclohexene with graphenesupported Ru and Rh-nanoparticles were carried out in stainless steel autoclaves. The autoclave was conditioned by evacuation and re-filling with argon. All autoclave loading was
carried out under argon. Each autoclave was equipped with
a glass inlay, to eliminate any catalytic influence of the stainless steel surface on the reaction process, into which the catalyst (Ru-NP/CDG 11 mg containing 17.4 wt.% Ru or
1.89 · 10 5 mol Ru; Rh-NP/CDG, 11 mg, containing 17.0 wt.%
Rh or 1.82 · 10 5 mol Rh) and the cyclohexene substrate
(1.0 ml, density 0.811 g/ml, M = 82.14 g/mol, 0.01 mol) were
loaded. The autoclave was heated to 75 C and pressurized
to 4 bar of H2 which was kept constant over the reaction time.
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The reaction mixture was stirred for an optimized set time of
1.5 h or 20 min. After this time the reactor was depressurized,
and the volatile organic components condensed under vacuum (15 min) into a clean cold trap (liquid nitrogen cooled).
Decanting of the organic layer from solid M-NP/CDG was
not feasible because the later formed a fine dispersion which
did not settle even after a prolonged time. The M-NP/CDG catalyst is left behind in the autoclave and was re-used by adding
fresh cyclohexene. Organic substrate workup and catalyst
recycling was done 10 times for Ru or Rh. The cyclohexene
to cyclohexane conversions were investigated by GC [Perkin–Elmer, DB 5 column (60 m · 0.32 mm)].

2.4.

Hydrogenation of benzene

The hydrogenation reactions of benzene with graphene-supported Ru and Rh-nanoparticles were carried out in stainless
steel autoclaves. The autoclave was conditioned by evacuation and re-filling with argon. All autoclave loading was carried out under argon. Each autoclave was equipped with a
glass inlay, to eliminate any catalytic influence of the stainless steel surface on the reaction process, into which the catalyst (Rh-NP/CDG, 5 mg, containing 17.0 wt.% Rh or
8.26 · 10 6 mol Rh) and the benzene substrate (0.92 ml,
0.81 g, 10.36 mmol) were loaded. The autoclave was heated
to the desired temperature (25, 50 or 75 C) and pressurized
to 4 bar of H2 which was kept constant over the reaction time.
The reaction mixture was stirred for a set time of 4 h. After
this time the reactor was depressurized, and the volatile organic components condensed under vacuum (15 min) into a
clean cold trap (liquid nitrogen cooled). Decanting of the organic layer from solid M-NP/CDG was not feasible because
the later formed a fine dispersion which did not settle even
after a prolonged time. The M-NP/CDG catalyst is left behind
in the autoclave and was re-used by adding fresh benzene.
The benzene to cyclohexane conversions were investigated
by GC [Perkin–Elmer, PEG column (25 m · 0.32 mm)].

3.

Fig. 2 – Synthesis from natural graphite over GO (Hummers
and Offeman [42]) to CDG (thermal reduction process [22])
and M-NP/CDG. GO bearing epoxy, hydroxyl, carbonyl and
carboxyl groups was heated up to 560 C and CO, CO2 and
H2O were eliminated under enormous expansion of the CDG
volume. The graphene sheets with mainly hydroxyl,
carbonyl groups [21,22,47] are exfoliated by the gas release
and the specific surface area becomes 510 m2/g in the CDG
used here (Fig. 1); for further details see Supporting
information.

Results and discussion

The fluffy CDG powder (Fig. 1, synthesis according to Fig. 2)
can be suspended in the IL 1-butyl-3-methylimidazolium tetrafluoroborate (BMImBF4) to form a stable dispersion of single

graphene sheets. Stable dispersions of graphene sheets were
shown to be obtainable in ILs without the need of additional
surfactants/stabilizers [45,46]. The subsequent TEM pictures
with M-NPs show single graphene sheets (cf. Fig. 3) which

Fig. 1 – Scanning electron microscope (SEM) images of CDG from thermally reduced GO, showing the exfoliated sheets at the
larger magnification at the right.
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Fig. 3 – TEM and TED of Ru- (top row) and Rh-NP (bottom row) supported on CDG from MWI of Ru3(CO)12 and Rh6(CO)16 in CDG/
BMImBF4. The black bar in the TED is the beam stopper. The d-values match with the d-spacing of Rh metal and graphite.
Additional TEM pictures of Ru-NP/CDG and Rh-NP/CDG in Figs. S2 and S3, Supporting information.

suggest that the CDG is dispersed into individual flakes in
the IL.
The solid metal carbonyl powders Mx(CO)y (M = Ru, Rh) were
added to the CDG slurry in BMImBF4 and suspended under argon atmosphere. The mixture was subjected to microwave
irradiation (6 min, 20 W) under argon atmosphere. The M-NP/
CDG materials (M = Ru, Rh) can be separated from the IL and
unsupported M-NP/IL by centrifugation of the slurry, washing
with water and drying in air. Black-grayish flake-like solids of
M-NP/CDG were obtained in good yield. Defined and small
Ru- and Rh-NPs with narrow size distributions (2.2 ± 0.4 nm
[standard deviation r] for Ru, 2.8 ± 0.5 nm for Rh, see also
Table S1b in Supporting information) can be seen on the almost
transparent CDG surfaces in the TEM image of the Ru- and
Rh-NP/CDG hybrid structures (Fig. 3).
In a proof-of-principle, the M-NP/CDG materials (M = Rh,
Ru) are shown to be catalysts in hydrogenation reactions of
cyclohexene and benzene to cyclohexane (Fig. 4). The benzene hydrogenation to cyclohexane is a multi-million ton
(IFP – Institute Francais du Petrol) process with the subsequent oxidation to adipic acid and caprolactam as building
blocks for Nylon 6.6 and Nylon 6 [48–53].
The M-NP/CDG catalyst (M = Ru, Rh) was suspended in the
substrate cyclohexene or benzene without any additional solvent. The hydrogenation reaction times with Ru- and Rh-NP/
CDG were optimized for near quantitative conversion. For

Fig. 4 – Hydrogenation of cyclohexene or benzene to
cyloclohexane with Ru- or Rh-NP/CDG under organicsolvent-free conditions.

work-up after each catalytic run the organic phase was removed under reduced pressure and condensed in a cold trap
for GC analysis. It was possible to re-use the remaining catalyst
for 10 repeated runs each with quantitative conversion and a
constant activity of 1570 mol product · (mol metal) 1 · h 1
for Ru-NP/CDG and 360 mol product · (mol metal) 1 · h 1 for
Rh-NP/CDG (Fig. 5, Table S2b in Supporting information). The
pressure-normalized cyclohexene hydrogenation activities of
Ru-NP/CDG at 4 bar (390 mol product · (mol metal) 1 · h 1 ·
bar 1) at quantitative conversions are higher by about one
order of magnitude than the activities of similar Ru-NP/IL
systems at 10 bar H2 pressure (30–53 mol product · (mol
metal) 1 · h 1 · bar 1) [6]. With rhodium the normalized activities of 90 mol product · (mol metal) 1 · h 1 · bar 1 were comparable to those of a Rh-attapulgite (Atta-IL-Rh) catalyst which
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Table 1 – Hydrogenation of benzene with Rh-NP/CDG
catalyst.a
Entry

Temp.
(C)

Conversion
(%)

Activity
(mol product ·
(mol Rh) 1 · h 1)

1
2
3

25
50
75

72.8
98.8
94.8

228
310
297

a
The reactions were carried out in steel autoclaves, equipped with
glass inlays to eliminate any catalytic influence of the metal surface
on the reaction. General conditions 4 bar H2, time 4 h, benzene 0.81 g
(0.92 ml, 10.36 mmol), Rh-NP/CDG 5 mg, 17.0 wt.%, 8.26 · 10 6 mol
Rh, benzene/Rh ratio = 1255.

Fig. 5 – Activities for the hydrogenation of cyclohexene with
the same M-NP/CDG catalyst in 10 consecutive runs (entry
1–10 for Rh and entry 11–20 for Ru in Table S2b, Supporting
information). A lower reaction time of 15 min for M = Ru
gave only 94.5% conversion (Table S2a).

was prepared by an ionic liquid-assisted immobilization of Rh
from complexes, such as Rh(PPh)3+, Rh(COD)(PPh3)2+, and
[Rh(COD)(PPh3)2]BF4 (COD 1,5-cyclooctadiene) on the natural
mineral attapulgite. The pressure-normalized activities of
Atta-IL-Rh at 30 bar reached 90 mol product · (mol
metal) 1 · h 1 · bar 1 for >99% conversion in 5.5 h [54]. RhNPs immobilized on silica-coated magnetite nanoparticles
gave high cyclohexene hydrogenation activities between
2500 and 6600 mol product · (mol metal) 1 · h 1 · bar 1 (at
6 bar, 75 C, >99% conversion) for up to 20 consecutive runs
[55]. TEM/TED pictures of Rh-NP/CDG after five or ten consecutive catalytic runs do not show marked changes in Rh-NP size
but somewhat higher crystallinity is apparent from TED (Fig. 6
and S7). The metal-NP size distributions of 2.4 ± 0.4 and
3.0 ± 1.0 nm after five runs for Ru and Rh, respectively and of
2.7 ± 0.7 and 2.8 ± 0.8 nm after 10 runs for Ru and Rh, respectively, (referring to Table S2b in Supporting information) were
very similar to those of the starting samples (2.2 ± 0.4 nm
for Ru, 2.8 ± 0.5 nm for Rh). While there seems to be a slight

increase in the Ru-NP size with prolonged catalytic use, the
average size of the Rh-NPs stays invariant within experimental
error.
Benzene could be hydrogenated under similar mild conditions to cyclohexane with essentially complete conversion at
a temperature of 50 C, 4 h and 4 bar (Table 1) and a pressurenormalized activities of Rh-NP/CDG of 78 mol product · (mol Rh) 1 · h 1 · bar 1. This is a much higher activity
(TOF) than for other M-NP/IL systems [56–58] albeit lower than
for Rh-NPs immobilized on silica-coated magnetite nanoparticles. The latter gave high benzene hydrogenation activities
between 100 and 180 mol product · (mol Rh) 1 · h 1 · bar 1
(at 6 bar, 75 C, >99% conversion) for up to 20 consecutive
runs.

4.

Conclusions

We describe here a simple, rapid and low-energy strategy to
deposit small 2–3 nm metal nanoparticles of Ru and Rh with
uniform sizes on CDG surfaces, by decomposition of their metal carbonyls under MWI in the IL BMImBF4. Microwave irradiation provides a very simple and reproducible way for the
rapid (6 min) and energy-saving (20 W power) synthesis of defined and very small M-NPs from their binary metal carbonyl
complexes in ILs. This method should be extendable to other
metals with the microwave-induced binary metal carbonyl

Fig. 6 – TEM and TED of Rh-NP/CDG after 10 consecutive catalytic hydrogenation runs of cyclohexene (after entry 10 of
Table S2b, Supporting information).
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Mx(CO)y decomposition and subsequent M-NP deposition on
CDG. The obtained hybrid nanomaterials (Rh-NP/CDG and
Ru-NP/CDG) were shown – without further treatment – to be
catalytically active in hydrogenation 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 activities 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.
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