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• Easy iridium nanoparticle synthesis
and deposition on graphene in ionic
liquids (ILs).

• Rapid synthesis by microwave
or electron-beam irradiation of
Ir-carbonyl in ILs.

• Ir-nanoparticles on graphene as sta-
ble, re-usable hydrogenation cata-
lyst.

• Synthesis and catalytic use of sta-
ble 2–5 nm Ir-nanoparticles on
graphene.

• Hydrogenation catalysis under
solvent-free conditions with easy
catalyst recycling.
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a b s t r a c t

Synthesis of stable hybrid iridium@graphene nanomaterials in the ionic liquid (IL) 1-butyl-3-methyl-
imidazolium tetrafluoroborate ([BMIm][BF4] through microwave irradiation (MWI) or electron-beam
(e-beam) irradiation (IBA Rhodotron accelerator) induced decomposition of Ir4(CO)12 in the presence
of graphene provides an easy method for the generation of small iridium nanoparticles with size
distributions of 1.0 ± 0.4 and 2.7 ± 0.7 nm by MWI reactions with 90 and 60 min decomposition time,
respectively, and of 3.6 ± 1.0 nm for e-beam irradiation synthesis. Graphene was derived by thermal
reduction of graphite oxide (TRGO). Powder X-ray diffraction (PXRD), transmission electron microscopy
(TEM) and energy-dispersive X-ray spectrometry (EDX) showed the formation of Ir nanoparticles which
are evenly distributed on the TRGO sheets. Ir@TRGO proved to be a highly active (∼10000 mol
cyclohexane x(mol Ir)−1x h−1 for benzene hydrogenation) and selective heterogeneous catalyst for the
industrially relevant hydrogenation of benzene or cyclohexene to cyclohexane under mild conditions
(100 °C, 10 bar H2) with quantitative conversion. The catalyst could be re-used over 10 consecutive
hydrogenation reactions with similar activities. A brief correlation between activity and particle size
points to an optimal diameter or surface regime for the catalytic activitywith iridiumparticles of 3.6± 1.0
nm on TRGO giving here the highest activity in benzene hydrogenation.
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1. Introduction

New methods and techniques for the synthesis of metal
nanoparticles (M-NPs) have increased in the last five years due to
their applications in fields of medicine [1], industry [2] or science
[3]. The high surface area and thereby large number of active
centers make the metal nanoparticle dispersions very attractive
catalysts [4,5].

Typical syntheses of metal nanoparticles in aqueous or organic
solutions need the presence of capping ligands, surfactants or
polymer coating as stabilizer around the metal nanoparticle to
prevent their aggregation and agglomeration in Ostwald ripening
processes [6–8]. In recent years ionic liquids were developed into
an alternative to traditional solvents [9,10]. The electrostatic and
steric properties of ionic liquids (ILs) as molten salts do not require
additional stabilizing ligands around the metal nanoparticles
[11–13]. The possibility to prepare ligand-free, sometimes called
‘‘naked’’ metal nanoparticles (M-NPs) is advantageous for catalytic
applications [13]. The high ionic charge, polarity and dielectric
constant of ILs gives them a very high absorption efficiency for
microwave irradiation (MWI) and allows for rapid microwave
heating during precursor decomposition for nanoparticle synthesis
[14–20]. Nanoparticle synthesis in ILs can be achieved from
metal salts with [21–24] or without reducing H2 gas [25–27],
organometallic π-complexes [28–33] and metal carbonyls [17,18,
34–39] through thermal or photochemical [40,41] decomposition
or electroreduction/ electrodeposition [11,42,43].

M-NP/IL dispersions as catalytic systems can be also re-used
and recycled for many times, showing no loss of efficient and cat-
alytic activity [18,44,45]. Biphasic (liquid–liquid) homogeneous-
catalytic systems [6] often exhibit leaching of metal ions to
the products, making their separation and purification process
economically and environmentally more complicated. To avoid
these problems, the research and development of new quasi-
homogeneous nanoparticle catalyst systems is growing in the last
few years [46,47].

Carbon-based materials like carbon nanotubes (CNTs) [48–50]
are long known substrates for the deposition of metal nanoparti-
cles. Nowadays a novel attractive material of the carbon family is
thermally reduced graphite oxide (TRGO) also commonly named
‘‘graphene’’ [51]. Its tunable properties introduce this material as
a novel support material for the deposition of metal nanoparticles
such as Au- [52], Cu- [53], Pt- [54], Rh- or Ru-NPs [36,55] among
others.

M-NPs synthesized using electron-beam (e-beam) irradiation
are already reported in the literature. Uranium dioxide (UO2)
nanoparticles were obtained by electron beam irradiation of 7
MeV [56]. Cadmium selenide nanoparticles (CdSe) could also
be synthesized by electron beam irradiation of aqueous butanol
solutions with equimolar amounts of Cd(NH3)4SO4 and Na2SeSO3
[57,58]. Also, gold/iron oxide composite were reported using a
high-energy electron-beam irradiation [59].

Here we report the synthesis of iridium nanoparticles in ionic
liquids with small size and narrow size distribution and their in
situ deposition on thermally derived graphite oxide (Ir@TRGO). The
energy input for metal-precursor decomposition can subtly influ-
ence the decomposition kinetics, nucleation and growth processes
of nanocrystals. Thus, two different methods (MWI and e-beam ir-
radiation) are also compared here for their possible influence in
the synthesis of metal nanoparticles. The hybrid materials were
tested for the industrially relevant catalytic hydrogenation of ben-
zene and cyclohexene to cyclohexane [60,61].
2. Results and discussion

2.1. Synthesis and characterization of supported iridium nanoparti-
cles

Iridium nanoparticles were obtained through thermal decom-
position of Ir4(CO)12 by means of microwave irradiation (MWI)
or e-beam irradiation (IBA Rhodotron accelerator) in 1-butyl-
3-methyl-imidazolium tetrafluoroborate ([BMIm][BF4]). The con-
comitant decomposition of tetrairidium dodecacarbonyl, Ir4(CO)12
and exfoliation of TRGO in [BMIm][BF4] were achieved using the
energy input by microwave (200 W, 250 °C, 90 min (1a) or 3 ×

20min (1b)) or e-beam irradiation (10MeV, 3×1 s (2)) (Scheme 1).

Scheme 1. Schematic synthesis of iridium@graphene nanomaterials in [BMIm]
[BF4].

Powder X-ray diffractograms (PXRD) of the Ir@TRGO compos-
ites show the characteristic reflections at 2ϑ values of 40.7°, 46.8°,
68.6° and 83.3° corresponding to the (111), (002), (022) and (113)
reflection of iridium metal (Fig. 1 and Fig. S2). Yet, a low inten-
sity, high background and broad peaks indicate that the Ir-NPs are
small and/or of low crystallinity. A particle-size determination by
the Scherrer equation gave a diameter of 1.2 nm for the method
1a and of 2.2 nm in the case of the method 1b based on the most
intense (111) reflection. A more accurate size and size distribu-

Fig. 1. Powder X-ray diffractogram of Ir@TRGO (Method 1a) synthesized in
[BMIm][BF4]. Reference data in red for Ir metal is taken from the crystallographic
open database, COD 9008470. The 2 Theta values between 5 and 25° correspond to
the reflections of TRGO and in particular at 10° to residual GO (see Supp. Info. Fig.
S1). (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

tion of the composites was derived from transmission electronmi-
croscopy (TEM) with the images shown in Fig. 2, and in the Supp.
Info. Fig. S4 and S5. Small nanoparticles with narrow size distribu-
tions were obtained after 90 min (1a) and 3 × 20 min (1b) from
microwave reaction, with a medium diameter of 1.0 ±0.4 nm (1a)
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Fig. 2. TEM images of Ir@TRGO nanomaterials synthesized in [BMIm][BF4] using microwave irradiation 1a (a–b), 1b (c–d) and e-beam irradiation 2 (e–f). Particle diameter
distribution from 150 particles each is depicted in the inserted histograms. Additional TEM images for method 1a and 1b are shown in Fig. S4 and S5 in Supp. Info.
and 2.7 ±0.7 nm (1b), respectively (Table 1). The e-beam irradia-
tion method (2) gave larger particles with a size distribution of 3.6
±1.0 nm albeit of no crystallinity (Fig. S3).

The metal content of the Ir@TRGO composites was determined
by atomic absorption spectrometry (AAS) between 3.6 and 7.2
wt%, depending on the method (Table 1). An elemental analysis by
energy dispersive X-ray spectroscopy (Fig. S6 to S8 in supp. info.)
only gave the expected bands for Ir metal (Ir-Lα, -Lγ , -Lλ1, -Mα,
-Mγ ) besides the bands for carbon and copper of the TRGO and the
carbon-coated copper grid.

Infrared spectroscopy (IR) was used to follow and verify the
decomposition of Ir4(CO)12. The IR spectra of the Ir@TRGOproducts
in Fig. 3 still showweak absorptions for carbonyl bands at 2021 and
2058 cm−1, which correspond to the CO stretching bands from the
Ir4(CO)12 starting material. Hence, it can be concluded that either
Table 1
Ir@graphene nanomaterials synthesized in [BMIm][BF4].

Methoda PXRD
diameter
distribution
∅ ± σ (nm)b

TEM diameter
distribution
∅ ± σ (nm)c

Metal content
(wt %)d

1a 1.2 1.0 ±0.4 4.9
1b 2.2 2.7 ±0.7 3.6
2 e 3.6 ±1.0 7.2
a Ir@TRGO nanomaterials were heated under microwave irradiation for 90

min (1a) and 3 × 20 min (1b) or by e-beam irradiation (2).
b From PXRD by the Scherrer equation based on the (111) reflection.
c Determined by TEM (cf. Fig. 2).
d Determined by AAS.
e The e-beam irradiation sample failed several times to give a PXRD.
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residual Ir4(CO)12 precursor is still present or, more likely, that CO
is bound to the surface of the iridium nanoparticles.

Fig. 3. Comparison of IR spectra of the Ir@TRGO composites synthesized by
different methods (cf. Scheme 1) from Ir4(CO)12 .

2.2. Hydrogenation of benzene to cyclohexane

The Ir@TRGO composite nanomaterials were tested for the
industrially relevant hydrogenation of benzene to cyclohexane
(Scheme 2) [60,61].

Scheme 2. Hydrogenation of benzene to cyclohexane with Ir@TRGO.

All catalytic reactions were done under inert atmosphere in a
Büchi stainless-steel autoclave provided with a glass inlay to avoid
any influence of the steel surface. The precursor material Ir4(CO)12
was also tested in 10 consecutive runs for benzene hydrogenation
reaction, albeit without giving any activity.

The Ir@TRGO composite was suspended together with the
benzene substrate in the autoclave. The hydrogenation reaction
was carried out solvent-free at 100 °C at a constant pressure of 10
bar of H2 with monitoring of the H2 uptake over time (Figs. 4 and
5, Fig. S9 and S10). After one hour the reaction was stopped and
cooled to room temperature. The products were condensed under
vacuum in a cold trap and the composition was determined by GC.
The catalyst can be recovered and re-used for at least five to ten
times, without a significant loss of activity (Table 2).

For the Ir@TRGO nanocomposites synthesized by method 1b, it
could be observed that the catalyst is less active in the first runs
(Table 2). The Ir@TRGO catalyst from method 1b increased its ac-
tivity to amaximumactivity in about run 6 or 7with TOF =∼ 6300
or 10,300h−1 depending on the experiment (Fig. S10c). The activity
increase seen with Ir@TRGO 1bmay also be due to the initially still
present CO coverage (cf. Fig. 3) of active sites. For Ir@TRGO synthe-
sized by method 2 the activity was at maximum with the first run
with no further increase (Fig. 5, Table 2). Catalytic tests for Ir@TRGO
by method 1a are given in the Supp. Info (Fig. S9, Tab. S1).

Conversion of benzene to cyclohexane was determined by
H2-gas uptake. Additional GC analyses also showed in all the cases
cyclohexane as the only product without the presence of the
cyclohexene intermediate.

In the case of the Ir@TRGO nanomaterials we found that
the slightly larger nanoparticles from method 2 (3.6 ±1.0 nm
diameter) gave initially a higher activity during the first and next
Table 2
Hydrogenation of benzene to cyclohexane by Ir@TRGO nanomaterialsa .

Catalystb Conversion (%)e TOF (h−1)f

Ir4(CO)12 None
–

Ir@TRGO 1bc Exp. 1 Exp. 2 Exp. 1 Exp. 2
run 1 59.8 52.6 2210 4478
run 2 76.0 80.4 3033 7909
run 3 92.3 80.4 3325 9411
run 4g 87.3 40.2g 3358 4124
run 5g 69.8g 95.9 3668 10232
run 6 91.0 95.9 6251 9750
run 7 89.8 80.4 5104 10280
run 8 83.5 92.8 4879 9797
run 9 91.0 80.4 4678 9959
run 10 91.0 95.9 4326 10159

Ir@TRGO 2d

run 1 97.4 4861
run 2 90.8 3870
run 3 89.7 3723
run 4 96.3 4582
run 5 52.5 2194
a Hydrogenation reactions were done at 100 °C, 10 bars of H2 and using a

Büchi stainless-steel autoclavewith a Büchi press-flow controller formeasuring the
H2-uptake over the time.

b Molar ratio benzene/iridium, 3790 for method 1b, experiment 1, 4490 1b,
experiment 2 and 3943 for method 2; see caption of Figs. 4 and 5 for further details.

c Synthesis by microwave irradiation; Catalytic tests for Ir@TRGO by method 1a
are given in the Supp. Info (Fig. S9).

d Synthesized by e-beam irradiation.
e Determined by H2-uptake.
f TOF = mol cyclohexane × (mol Ir)−1

× h−1 .
g Run 5 (4) in experiment 1 (2) had an instrumental error (see Fig. S10). It

is important to note, however, that the problems observed in run 5 (4) were
instrumental problems with the Büchi bpc gas flow controller or the autoclave. It
was not a catalyst problem as the following run gave a high conversion and TOF
again.

runs (Table 2) compared to the smaller nanoparticles 1b (2.7 ±0.7
nm diameter). The latter only increased in activity after run 4.

The Ir-NPs on TRGO showed a slight increase in average diame-
ter of∼1 nm for both samples 1b and 2 according to TEM investiga-
tion after the 10th or 5th catalytic hydrogenation run, respectively.
The Ir@TRGO 1b synthesized by MWI (Fig. 6) exhibited a size dis-
tribution of 3.6 ±1.1 nm after ten hydrogenation runs, compared
to 2.7 ±0.7 nm before. Ir@TRGO from e-beam irradiation method
2 (Fig. 7) gave a distribution of 4.6 ±1.5 nm after five hydrogena-
tion runs, compared to 3.6 ±1.0 nm before (cf. Table 1). This leads
us to conclude that there may be an optimal diameter or surface
regime for the catalytic activity. Here, particles around 3.6 nm –
which is the initial size frommethod 2 or reached during catalysis
for method 1b – can be correlated with high catalytic activity.

The size of the nanoparticles has an influence on the turnover
frequency. Cunha and co-workers [62] reported for Ir nanoparticles
supported on γ -Al2O3, that the use of smaller nanoparticles
(<2 nm) gave a decreasing activity in the hydrogenation of
benzene and toluene. This size dependent behavior was also
observed for other catalytic reactions using supported Pt-NPs on
Al2O3 [63] or on activated carbon [64,65], rhodium nanoparticles
[66,67] or palladium nanoparticles [68].

When comparing noble-metal nanoparticle catalysts in the hy-
drogenation of benzene (Table 3) supported iridium nanoparticles
on TRGO (TOF ∼ 10 000 h−1) or zeolite [69] (TOF 3190 h−1) gave
a higher catalytic activity in comparison with unsupported Ir-NPs
[23] in ionic liquid dispersions (∼85 h−1) or in solvent-free condi-
tions (∼71 h−1) (Table 3).When considering the lower H2 pressure
of 3 bar also Ir@zeolite [69] gave high activities (Table 3).

Cyclohexene could be hydrogenated under the same mild
conditions using Ir@TRGO (investigated here for the material from
method1b). A complete conversionwas achieved in less than5min
at 100 °C and 10 bar of H2 pressures without any loss of activity
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Table 3
Hydrogenation reactions of benzene to cyclohexane by different materials.

Nanoparticle catalyst T (°C) p H2 (bar) TOF (h−1) Reference

Ir@TRGO 100 10 10 000 this work
Ir@zeolite 25 3 3190 [69]
Ir-NPs 75 4 71 [23]
Ir-NP/IL 75 4 85 [23]
Ru/SiO2 100 20 5000 [70]
Rh@CNTs 25 10 2414 [72]
Rh@TRGO 50 4 310 [36]
Rh/AlO(OH) 75 4 1700 [71]
Pt-NPs 75 4 28 [73]
Pt-NP//IL 75 4 11 [73]

Table 4
Hydrogenation of cyclohexene to cyclohexane with Ir@TRGOa nanomaterial 1b as
catalystb .

Entry Conversion (%)c TONd TOF (h−1)e

run 1 76.9 3070 61390
run 2 81.8 3265 65300
run 3 84.9 3390 67770
run 4 84.9 3390 67770
run 5 85.5 3410 68250
a Ir@TRGO method 1b, 14 mg containing 3.6% Ir, 2.62 × 10−3 mmol Ir.
b Hydrogenation reactions of 0.86 g, 1.06mL, 10.47mmol cyclohexenewere done

by 100 °C, 10 bars of H2 and 3 min, using a Büchi stainless-steel autoclave with a
molar ratio of 3991 (mol cyclohexene/ mol iridium).

c Determined by GC analysis;.
d TON = mol cyclohexane/mol Ir;.
e TOF = mol cyclohexane × (mol Ir)−1

× h−1 .

after 5 consecutive runs (Table 4). (For TEM and PXRD analysis of
Ir@TRGO after 5 runs see Supp. Info.) Much higher TOFs of over
61000 h−1 were found in comparison with analogous Ru@TRGO
(∼1570 h−1) and Rh@TRGO (360 h−1) catalysts [36].

3. Conclusion

In summary,we report here easy and rapidmethods for the syn-
thesis of iridium@graphene nanomaterials by thermal decomposi-
tion of Ir4(CO)12 in the presence of a graphenematerial in the ionic
liquid 1-butyl-3-methylimidazolium tetrafluoroborate. Decompo-
sition energywas provided either bymicrowave irradiation (MWI)
or by electron-beam irradiation. Both methods gave particles with
average diameters of less than 5 nm without the need of addi-
tional stabilizers or capping ligands, Microwave heating resulted
in slightly smaller nanoparticles.

The Ir@TRGO nanomaterials were re-usable catalysts for the
relevant hydrogenation of benzene and cyclohexene. Benzene
hydrogenation was successfully achieved under mild conditions
(100 °C, 1 h, 10 bars) with turnover frequencies up to 10 000 h−1

over 5 to 10 consecutive runs with similar activities. The Ir-NPs
were recovered with only slightly increased (less than 1 nm)
average diameters after 5 or 10 hydrogenation runs.

A brief correlation between activity and particle size points to
an optimal diameter or surface regime for the catalytic activity.
Here iridium particles of 3.6 ±1.0 nm on TRGO gave the highest
activity in benzene hydrogenation compared to smaller (2.7 ±0.7
nm diameter) and larger (4.6 ±1.5 nm) particles.

4. Experimental section

4.1. Materials and methods

All experiments were done using Schlenk techniques under
inert atmosphere. Tetrairidium dodecacarbonyl [Ir4(CO)12] (98%
purity) were purchased by ABCR chemicals and thermally re-
duced graphite oxide (TRGO) was prepared in to a two-step ox-
idation/thermal reduction process using natural graphite (type
Fig. 4. H2-uptake over time for the hydrogenation of benzene to cyclohexane
with Ir@TRGO nanomaterials from method 1b in consecutive runs with the same
Ir@TRGO catalyst at 100 °C, 10 bar H2 pressure (cf. Table 2). H2-uptakes for the
additional runs are shown in Fig. S10 in the Supporting Information. Conditions:
a (experiment 1): benzene: 0.87 g, 1.0 mL, 11.14 mmol; Ir@TRGO catalyst: 15.7 mg,
containing 3.6% Ir, 2.94 × 10−3 mmol Ir; molar benzene/metal ratio of 3790. An
H2 uptake of 67.4 mg H2 (33.4 mmol, 802 mL) corresponds to 100% conversion.
b (experiment 2): benzene: 0.35 g, 0.40 mL, 4.49 mmol; Ir@TRGO catalyst: 5.32 mg,
containing 3.6% Ir, 1 × 10−3 mmol Ir; molar benzene/metal ratio of 4490. An H2
uptake of 27.15 mg H2 (13.47 mmol, 323 mL) corresponds to 100% conversion.

Fig. 5. H2-uptake over time for the hydrogenation of benzene (0.99 g, 1.14 mL,
12.70 mmol) to cyclohexane with Ir@TRGO nanomaterials from method 2 in five
consecutive runs with the same Ir@TRGO catalyst (8.6mg containing 7.2% Ir, 3.22×

10−3 mmol Ir). Molar benzene/metal ratio of 3943 at 100 °C, 10 bar H2 pressure
(cf. Table 2). An H2 uptake of 76.8 mg (38.1 mmol, 914 mL) corresponds to 100%
conversion.
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Fig. 6. TEM images of Ir@TRGO 1b after 10 hydrogenation runs.
Fig. 7. TEM images of Ir@TRGO 2 after 5 hydrogenation runs.
KFL 99.5 from Kropfmühl AG, Passau, Germany) as raw material.
Graphite was oxidized to graphite oxide (GO) according to the
procedure described by Hummers and Offeman [74]. This oxida-
tion incorporates functional groups like epoxy and alcohol moi-
eties into the graphite structure. When GO is subjected to rapid
heating above 400 °C the functional groups decompose into CO and
CO2 gas which exfoliates the layered GO structure into functional-
ized graphene sheets [75]. This thermal reduction of graphite oxide
lends its name to the product (TRGO). By adjusting the reduction
temperature, the degree of functionalization can be controlled. At
a lower reduction temperature, more oxygen atoms remain on the
TRGO surface and thereby increase the degree of functionalization.
This degree of functionalization influences on the dispersibility of
TRGO in polar solvents [76] and its use as a support material for
metal nanoparticles. A higher degree of functionalization improves
the dispersibility, e.g., in water or acetone. Therefore, it can be ex-
pected that a TRGO-material with a high degree of functionaliza-
tion has a good interaction with metal particles. For these reasons
we reduced GO at 400 °C and achieved an oxygen content of 21
wt% as calculated by the difference to 100e% from elemental anal-
ysis (77.9% C, 0.7% H). The benzene (VWR p.A.), and cyclohexene
(Sigma Aldrich, p.A) were dried with sodium, distilled and store on
4 Å molecular sieves.

The ionic liquid, [BMIm][BF4], was synthesized by reacting
1-methylimidazole with 1-chlorobutane to yield first [BMIm]Cl
which was further reacted with HBF4 to give [BMIm][BF4]. The IL
was dried under high vacuum (10–7mbar) at 80 °C for several days.
Quantitative anion exchange and, thus, IL purity was assessed by
ion chromatography (ICS-1100, with Ion-Pac R⃝AS22, 4 × 250 mm
column) to be>99%. Thewater content determinedby coulometric
Karl Fischer titration (ECH/ANALYTIKJENA AQUA 40.00) was less
than 10 ppm.

Powder X-ray diffraction patterns data were measured at on a
Bruker D2 Phaser using a flat low background sample holder and
Cu-Kα radiation (λ = 1.54182 Å, 35 kV) covering 2 theta angles
5–90° over a time of 8 h, that is 0.003°/s. All measurements were
done at room temperature. The samples had been precipitated and
washed with water and were dried under vacuum.

IR was measured on a Bruker TENSOR 37 IR spectrometer in a
range from 4000 to 500 cm−1 in form of KBr disks.

Metal analyses were performed by flame atomic absorption
spectroscopy (AAS) on a Vario 6 from Analytik Jena. Samples were
digested in aqua regia three times, filtered and aqua regia was
added to a final volume of 25 mL.

Transmission electron microscopy (TEM) micrographs were
taken on a FEI Tecnai G20 TEM operating at an accelerating
voltage of 200 kV. Samples were deposited on 200 µm carbon-
coated copper grids (3.025 mm copper-grids with a 200 mesh
and coated with 10 nm carbon film) from PLANO GmbH. The size
distribution was determined using Gatan Digital Micrograph for
150 nanoparticles. Energy dispersive X-ray spectra were taken on
a FEI Tecnai f20, detector voltage 136 kV; the exposure time for
individual EDX spectra was 3 min.

Conversion of benzene to cyclohexane was determined by gas
chromatography (GC) (Perkin Elmer 8500 HSB 6, equipped with
a DB-5 film capillary column, 60 m × 0.32 mm, film thickness
25 µm, oven temperature 40 °C, N2 carrier flow 120 L/min and
a flame ionization detector (FID), 250 °C detector temperature).
The samples were analyzed by putting a drop of the product into
a GC sample vial together with 1 mL of distilled water. Also the
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conversion was determined by NMR on a Bruker Avance DRX 200
(1H − NMR, 200 MHz) in CDCl3. Conversion of cyclohexene to
cyclohexane was determined by gas chromatography (SHIMADZU,
GC-2014).

4.2. Synthesis of Ir@TRGO nanoparticles in [BMIm][BF4].

Microwave irradiation: In a typical experiment [Ir4(CO)12] (35.8
mg, 0.032 mmol) and TRGO (4.8 mg, 0.2 wt% related to 2.42
g [BMIm][BF4]) were dispersed in 1-butyl-3-methylimidazolium
tetrafluoroborate ([BMIm][BF4]) (2 mL, 1.21 g/mL), sonicated at
30 ° C for 6 h and stirred at room temperature for the next 12 h.

Decomposition of the sample was done using microwave
irradiation by 250 °C (200 W, 4 bars) for 90 min (Method 1a)
or 3x 20 min (Method 1b). After heating the volatiles (CO) were
removed in vacuo. Finally the sample was washed and centrifuged
(6000 rpm×15min) with distilled water and dried under vacuum
at 100 °C for several hours.

e-beam accelerator (Method 2): Sample preparation and isola-
tion were done with the same procedure as by the microwave
method. The samplewas decomposed byβ-irradiation in a 10MeV
IBA Rhodotron e-beam accelerator as follows: energy of the elec-
tron 10 MeV; energy uptake up to 90 kGy, each run 30 kGy; radia-
tion 30–58 kGy/s, time 3 × 1 s (Herotron E-Beam Service GmbH)d.

4.3. Hydrogenation reactions

All catalytic processes were done using stainless-steel auto-
claves under inert atmosphere. Each autoclave was equipped with
a glass inlay to avoid any effect of the steel in the reaction.

The desired amount of catalyst (Benzene: Ir@TRGO 1b, 15.71
mg containing 3.6% Ir, 2.94 × 10−3 mmol Ir; Ir@TRGO 2, 8.6
mg containing 7.17% Ir, 3.22 × 10−3 mmol Ir or cyclohexene:
Ir@TRGO 1b 14 mg containing 3.6% Ir, 2.62 × 10−3 mmol Ir) and
the substrate (for 1b: benzene 0.87 g, 1.0 mL, 11.14 mmol or
cyclohexene: 0.86 g, 1.06 mL, 10.47 mmol and for 2: benzene 0.99
g, 1.14 mL, 12.70 mmol) were loaded in the autoclave under inert
atmosphere. The autoclave was purged three times with H2 and
then charge with 10 bars of H2. The stirring rate was 800 rpm
and the heating temperature 100 °C. After one hour (benzene) or
3 min (cyclohexene) the process was stopped and cooled down.
The organic volatile products were condensed under vacuum and
condensed in a cool trap and analyzed by GC. Conversion of
benzene was determined by H2 uptake.

Re-use and recycling of the catalyst: Once the product was
removed under vacuum, the autoclave was charged again with the
desired amount of benzene and close properly for the next run.

All syntheses and catalytic runs were repeated at least twice to
ensure reproducibility (see Fig. 4, Table 2).
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