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e Deposition of ruthenium nanoparti- Hy
cles (Ru-NPs) on graphene material. o
e Propylene carbonate as non-toxic I
and biodegradable solvent for the Qo
synthesis of Ru-NPs.
e Quick and easy method for the Rligiit)ie +TRe0 microwave RUGTRES
preparation of Ru-NPs by microwave “thermally reduced O
irradiation. graphite oxide"
e Synthesis of stable, small (~4 nm
diameter) and catalytic active Ru-
NPs.
e Hydrogenation catalysis of benzene
under solvent-free conditions.
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Ru3(CO)1,, by microwave irradiation. Ru@graphene nanomaterials were identified and characterized by
high resolution transmission electron microscopy (TEM, HR-TEM), energy-dispersive X-ray diffraction
(EDX), selected area electron diffraction (SAED), X-ray photoelectron spectroscopy (XPS) and powder
X-ray diffraction (PXRD) with a small diameter and size distribution of 7 = 4 nm Ru-NPs on TRGO.
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1. Introduction

Properties of the transition metal nanoparticles (M-NPs) are of
general interest due to their various applications in science and
technology [ 1-3]. The small size together with a large surface area
of M-NPs offers a wide range of opportunities in the field of catal-
ysis [4-8].

Ruthenium is an attractive catalytic metal because of its lower
economical price compared to other noble metals such as palla-
dium or rhodium. The selectivity of Ru-NP catalysts for the hydro-
genation of C=C carbon double bonds in alkenes or arenes [9-12]
allows for their possible application in hydrogenation processes
such as the relevant hydrogenation of benzene or cyclohexene to
cyclohexane [13], or in the Fischer-Tropsch synthesis [14,15] for
the production of hydrocarbons.

Synthesis of ruthenium nanoparticles [4] is possible by sim-
ple reduction of common salts, RuCl; [16,17], or by decompo-
sition of zero-valent compounds, such as Rus(CO), [18-20] or
[Ru(cyclooctadiene)(cyclooctatetraene)] [21-25].

For small M-NPs agglomeration and aggregation due to the
Ostwald ripening [26,27] needs to be prevented and a stabilizing
ligand shell is often needed. Such stabilizers can be organic donor
ligands or polymers, [5,22,28-30] or ionic liquids, [31-35] which
form a protective layer (shell) around the particles (core). Also
immobilization or deposition of nanoparticles on supports such
as graphene [36-39], carbon nanotubes [40,41] or more often
Al,03 [13] is a means to prevent agglomeration.

Over the last years, thermally reduced graphite oxide [42-48]
also simply called “graphene”, has been rediscovered as an ex-
tremely versatile carbon material [49-51]. Because of the func-
tional groups present in TRGO (Fig. S1 in Supporting Information),
the sorption of ions and molecules is possible [49]. This and the
high specific surface area of TRGO 0f 400 m? g~ ! up to 1500 m? g,
make them promising materials for catalytic applications [49].
Metal-nanoparticles on carbon materials are of recent interest
[52-60].

Organic carbonates (Fig. 1) are used in industry for degreasing,
gas treating or cleaning [62]. Organic carbonates are polar solvents
with a wide range of liquid temperature range (for propylene
carbonate, PC mp —49 °C, bp 243 °C), and with a low flammability,
low volatility and low (eco)toxicity [61]. Biodegradable PC is used
as solvent in the FLUOR process for CO, removal [63,64], in the
research on lithium-ion batteries [65-67] or as co-solvent for
cosmetics due to its low toxicity and irritability [68,69].
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Fig. 1. Selected organic carbonates: dimethyl carbonate (DMC); diethyl carbonate
(DEC); ethylene carbonate (EC); propylene carbonate (PC); glycerol carbonate
(GyC) [61].

There appear to be only few reports on metal nanoparticle
synthesis in organic carbonates in the literature [70-73]. The
role of propylene carbonate is not fully clear yet. Its carbonate
oxygen functionality may coordinate to the metal surface and
thereby play the role of a capping agent. Only recently a more
comprehensive report on the synthesis of Mo-, W-, Re-, Fe-,
Ru-, Os-, Co-, Rh-, or Ir-metal-nanoparticles in propylene carbonate

has appeared. These M-NPs were obtained (without TRGO support)
from their metal carbonyls by means of microwave irradiation as
small particles with narrow diameter distributions (e.g., for Ru-
NPs 2.7 + 0.5 nm from Ru3(CO) 1, or for Os-NPs 3.0 + 1.5 nm from
0s3(C0O)12) [20]. When 3-mercaptopropionic acid, HS-(CH;),-
COOH was added post-synthetically to this Ru-NP/PC dispersion,
the isolated ligand-capped nanoparticles were significantly larger
(13 (4£4) nm diameter). Thus, the introduction of a protic
organic thiol ligand more than doubles the size of the resulting
capped metal nanoparticles. Therefore, the thiol ligand addition
must perturb and weaken the stabilizing property of propylene
carbonate towards the M-NPs so that further M-NP agglomeration
is driven by the surface-surface interactions [20]. Cu-, Zn- and
Cu/Zn nanobrass alloy nanoparticles were also obtained in PC
without the use of extra-stabilizers and dispersions seemed to be
stable up to six months [74]. The M-NP/PC dispersions have been
tested for the hydrogenation of cyclohexene for Rh-NPs under mild
conditions (4-10 bar H,, 25-90 °C), to give turnover frequencies up
to 1875 mol h=' [20].

Here we report the deposition of Ru-NPs on thermally reduced
graphite oxide (TRGO) by decomposition of Ru3(CO);; in PC,
and the use of the RuU@TRGO composite as catalyst for the
hydrogenation of benzene.

2. Results and discussion
2.1. TRGO-supported Ru-NPs in propylene carbonate

Deposition of Ru-NPs on graphene (TRGO) can be achieved from
the corresponding metal carbonyl, Ru3(CO)q,, by the rapid and
saving-energy method of microwave irradiation (MWI, 250 °C, 50
W, 10 min) with TRGO in propylene carbonate (PC) (Scheme 1).
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Scheme 1. Synthesis of Ru@TRGO nanomaterials by means of decomposition from
Rus3(CO)q; in the presence of TRGO using the energy input of microwave irradiation.

TRGO as support can allow for the synthesis (nucleation and
growth) and stabilization of metal nanoparticles because of the
functional groups on its surface, where the metal nanoparticles
adsorb (bind) and consequently their agglomeration is limited
[49,51].

Decomposition of Ru;(C0O){, was followed by infrared spec-
troscopy (IR) and no bands for the carbonyl bonds at 2020 and
2060 cm~! were found after MWI, indicating full conversion of the
metal carbonyl precursor to Ru-NPs (Fig. S3). Of course, our spec-
troscopic measurement was not sensitive enough to rule out some
CO coordination to the surface of the formed Ru nanoparticles.

The resulting Ru@TRGO nanomaterials were characterized
by powder X-ray diffraction (PXRD) (Fig. 2). The characteristic
reflections at 260 values of 38.1°, 42.2°, 43.7°, 58.3°, 69.1°, 78.3°,
82.4°, 84.5°, and 86.1° correspond to the indicated [010], [002],
[011], [012], [110], [013], [020], [122], and [021] reflections,
respectively, of bulk ruthenium metal (Fig. 2). Reflections in the
26 region between 5 and 25° are derived from TRGO (see Fig. S2 in
Supp. Info). The average diameter of the Ru-NPs was calculated by
the Debye-Scherrer equation to 10.5 nm from the half-width of the
[010] reflection. Characterization of the Ru@TRGO nanomaterials
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Fig. 2. PXRD of Ru-NPs deposited on TRGO after decomposition by means of
microwave irradiation in comparison with the literature (Crystallographic open
database COD. 9008513, red bars). Reflections between 5 and 25° are due to TRGO
(cf. Fig. S2 in Supp. Info.). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

by transmission electron microscopy (TEM) (Fig. 3) and high-
resolution transmission electron microscopy (HR-TEM) with
selected area electron diffraction (SAED) (Fig. 4) yielded a diameter
and distribution of 7 & 4 nm for the Ru-NPs (see TEMs with
histograms in Fig. S4) and illustrated the nanocrystalline nature.
High-resolution TEM images in Fig. 3 (at 10 nm) and Fig. 4 (at 2 nm)
showed facetted Ru nanoparticles of presumably cuboctahedral
nature. The shape of a crystalline cuboctahedron most closely
approaches those of a sphere. From interference of the electron
beam with the Ru atoms the highly crystalline, symmetrical most
likely cuboctahedral structure of the Ru nanoparticles became
visible in the form of their lattice planes (Fig. 4). Energy-dispersive
X-ray spectroscopy (EDX) (Fig. S5) only gave the expected bands for
Ru metal (Ru-Ke, -La 1, -LB1, -Ly 1, -Me, -My ) besides the bands
for carbon and copper of the TRGO and the carbon-coated copper
grid.

X-ray photoelectron spectroscopy (XPS) measurements yielded
composition of the Ru@TRGO nanomaterials (Fig. 5 and Fig. S6). A
content of 3.5 wt% Ru was calculated based on the peaks at 460.9
eV (Ru3ps/;)and at 283.4eV (C 1s). Azero-valent oxidation state of
ruthenium is verified from the peak at 279.4 eV, which corresponds
to Ru 3ds,; [75]. The C 1s and O 1s peak at 283.4 and 530.9 eV,
respectively, are associated to graphene and its functional oxygen
groups. The O 1s band corresponds to C=0 and O=C-OH groups
[76].

2.2. Hydrogenation of benzene

Ru@TRGO was tested as heterogeneous catalyst for the
hydrogenation of benzene to cyclohexane (Scheme 2).

In a typical hydrogenation reaction Ru@TRGO (5.0 mg, contain-
ing 3.5 wt% Ru, 1.73 x 103 mmol), and the substrate (benzene,
1.0 mL, 11.14 mmol) were loaded in a stainless-steel autoclave,
equipped with a glass inlay to avoid any interference from the steel
surface. The autoclave was purged with H, at least three times and

Fig. 4. HR-TEM and electron diffraction of Ru@TRGO synthesized in propylene
carbonate. The upper row shows a TRGO flake with many Ru nanoparticles attached,
and an electron diffraction pattern taken from this area. The inset diagram shows
the average diffraction intensity depending on spatial frequencies in the diffraction
pattern. The lower row displays two high-resolution TEM images of single
Ru nanoparticles revealing their nano-crystalline and presumably cuboctahedral
nature.
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Fig. 5. Enlarged regions of the XPS spectrum (see Fig. S6 in Supp. Info. for full
spectrum) of Ru@TRGO nanomaterial with a calculated 3.5 wt% loading of Ru on
TRGO.

pre-heated to 100 °C. Once the desired temperature was reached
the autoclave was pressurized to 10 bars of H, and the reaction
mixture stirred (800 rpm) for 20 min. After this time the auto-
clave was cooled down and the substrate/product mixture was

Fig. 3. TEM images of Ru@TRGO nanomaterials synthesized in propylene carbonate.
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Scheme 2. Hydrogenation of benzene to cyclohexane with RU@TRGO nanocom-
posites under solvent-free conditions.
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Fig.6. H,-uptake over time for the hydrogenation of benzene (0.87 g, 1.0 mL, 11.14
mmol) with RU@TRGO (5.0 mg, containing 3.5 wt% Ru, 1.73 x 10~ mmol) at a
benzene/metal ratio of 6436, 100 °C and 10 bars H,. A 100% conversion corresponds
to an Hy-uptake of 67.4 mg (33.4 mmol, 802 mL). For clarity the runs 6-10 are given
in Fig. S7 in the Supporting Information.

condensed under vacuum into a cold trap. The H, uptake was mon-
itored over time by a Biichi bpc press-flow controller (Fig. 6 and Fig.
S7).

Conversion of benzene to cyclohexane was calculated based
on the consumption of H, (Fig. 6 and Fig. S7). Additional
measurements by gas chromatography, GC, show no formation
of other products such as cyclohexene. The catalyst Ru@TRGO
remained in the autoclave and could be re-used at least 10 times
without significant loss of activity.

The Ru@TRGO catalyst increased its activity up to the third run
to reach a turnover frequency (TOF) of ~34,330 (molcyclohexane)-
(mol Ru)~!-h~T(Table 1) near quantitative conversion in about 11
min (Fig. 6). Afterwards, the conversion decreased to 92.3% to stay
constant between run 6 to 10 with activities (TOF) around 22,000
(mol cyclohexane) - (mol Ru)~! - h™1,

Heterogeneous catalytic reactions are extremely complex and
defects, the surface topology, and surface atom sites (edges,
corners, steps) rather than the sole amount of surface atoms
strongly influence the catalytic activity. We therefore suggest that
the activity increase upon recycling is due to surface reconstruction
creating more and more active sites. Increase in activity could also
result from surface cleaning of adsorbed and deactivating solvent,
carbon or oxygen species. Because of the TRGO support also further
exfoliation could occur which would expose more Ru-NPs. The TOF
calculation was based on the total quantity of Ru present in the
nanomaterial. We note that only surface atoms and among them
only a fraction will be catalytically active. If less than 5% of the
metal atoms of the Ru-NPs are active surface sites then the activity
would be more than 20-times higher on a per-active-metal-atom
basis.

Graphene-supported metal nanoparticles were already investi-
gated in our group for Ru- and Rh-NPs and synthesized in the ionic
liquid (IL) 1-butyl-3-methylimidazolium tetrafluoroborate [36].
Lower activities were found for Ru- and Rh-NP@graphene in IL
than here in propylene carbonate (Table 2). Apparently the remain-
ing IL coating around the nanoparticles presents a diffusion bar-
rier for the substrate species (benzene and H,). Using M@TRGO/IL
(M=Ru or Rh) at 50 or 75 °C with 4 bar of H, the time to achieve a

Table 1
Hydrogenation of benzene to cyclohexane with Ru@TRGO nanomaterials®.
Run Conversion (%)° Time (min)° TOF (h—1)¢ TON®
1 69.8 189 14282 4494
2 98.5 13.9 27366 6340
3 98.5 11.1 34331 6340
4 91.0 19.2 18279 5858
5 86.0 17.7 18749 5537
6 92.3 16.9 21059 5939
7 92.3 15.9 22367 5939
8 92.3 16.2 22035 5939
9 92.3 15.7 22767 5939
10 84.4 11.2 29286 5457

2 Hydrogenation reaction at 100 °C, 10 bars H; using Ru@TRGO (mol benzene/mol
Ru = 6436).

b Calculated based on the H,-consumption.

¢ Time needed for the given maximum conversion.

4 Turnover frequency = activity as (mol cyclohexane) - (mol Ru)~! - h™1; with
total quantity of Ru present in the nanomaterial.

¢ Turnover number as (mol cyclohexane) - (mol Ru)~".

conversion near 98% was almost four hours (even when cyclohex-
ene was used instead of benzene). The reason to run the catalysis
in this work at 100 °C and 10 bar of H, was the desire to achieve
a conversion of 80%-90% in less than 30 min. Although not tested
here, we can assume that the Ru@TRGO/PC system will also be ac-
tive under milder conditions.

Table 2
Metal@graphene nanomaterials as catalyst for the hydrogenation reaction of
benzene® or cyclohexene® to cyclohexane.

M-NPs/Solvent®  pH, T Time! TOF® Ref.
(bar) (°0  (h) (h™")
Ru@TRGO/PC 10 100 <0.33 343307 This work
Ru@TRGO/IL 4 75 4 1570° (37]
Rh@TRGO/IL 4 50 4 310°
2 Hydrogenation of benzene or.
b cyclohexene to cyclohexane.
¢ PC = propylene carbonate or IL = 1-butyl-3-methyltetrafluoroborate

[BMIm][BE,4].
4 For near quantitative conversion.
¢ Turnover frequency as (mol cyclohexane) - (mol metal)~! - h='.

A wide range of supports for the immobilization of Ru-NPs has
been tested for the hydrogenation of benzene (Table 3). Dupont
et al. recently reported the deposition of Ru-NPs on modified
Al, 03 supports with anchored imidazolium-ILs achieving a TOF of
9180 h™! for the hydrogenation of benzene to cyclohexene [13].
Carbon-based supports are also suitable for the stabilization
of Ru-NPs and their application in catalysis, Ru-NPs deposited
on carbon nanotubes [40] show activities up to ~6900 h~!,
and activities around ~35,000 h~! were found for embedded
ruthenium nanoparticles on ordered mesoporous carbon [77].

After ten consecutive hydrogenation runs the Ru@TRGO
catalyst was analyzed by TEM and SAED (Fig. 7). The nanoparticles
retained their crystallinity as is evident from their facets in the
TEM and the reflections in the SAED. The average diameters of the
Ru-NPs essentially did not change with now 7.2 £+ 3.4 nm (for
histogram and EDX see Fig. S8 in Supp. Info.).

Concerning leaching we note that even in solution or dispersion,
that is, without the TRGO support, the Ru-NP will be catalytically
active. This was shown by their use as hydrogenations catalysts
for cyclohexene as Ru-nanoparticle/IL dispersion [18]. A leaching
process would not have led to removal from the catalyst dispersion
here as we removed the products and starting materials by
evaporation under vacuum so that no catalyst part could be
removed.
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Table 3
Hydrogenation reaction for benzene with supported Ru-NPs.

Catalyst® H, pressure (bar) T (°C) TOF® (h™) Ref.
Ru/HEA-16-Cl 30 20 600° [7,78]
Ru/MMT 8 110 4000 [79]
Ru/CNTs 4 80 6983 [40]
Ru/SiO, 20 100 5000 [80]
Ru/IL-Al, 05 4 75 9180¢ [77]
Ru-OMC 4 110 35,112 [77]

4 HEA-16-Cl = N,N-dimethyl-N-cetyl-N-(2-hydroxyethyl)ammonium chloride,
MMT = montmorillonite, CNT = carbon nanotubes, IL = ionic liquid, OMC =
ordered mesoporous ruthenium containing carbon.

b Turnover frequency = activity as (mol cyclohexane) - (mol total Ru)~' h™!
unless noted otherwise.

¢ TOF as (mol consumed H,) - (mol total Ru)~' h~',

4 TOF as (mol benzene conversion) - (mol surface Ru)~! h~".

Fig. 7. TEM and SAED of RU@TRGO after ten consecutive runs in the hydrogenation
of benzene to cyclohexane. The black line corresponds to the beam stopper. (For
more HR-TEM images see Fig. S9 in Supp. Info.)

3. Conclusion

We describe a straightforward method for the deposition of
ruthenium nanoparticles (Ru-NPs) on thermally reduced graphite
oxide (TRGO) using propylene carbonate as solvent. The formed
Ru-NPs have a size distribution of 7 + 4 nm and no extra
capping ligand or stabilizer is needed for their immobilization and
stabilization.

The Ru@TRGO nanomaterials show higher catalytic activities
for the hydrogenation of benzene in comparison with their Rh-
or Ir-@TRGO analogs, which were synthesized in ionic liquids
instead of in organic carbonates. Propylene carbonate, PC, can
readily and more completely be removed from the Ru@TRGO
composite so as to avoid a diffusion barrier which is otherwise
given by a remaining IL layer around the nanoparticles. As a
consequence the Ru@TRGO catalysts achieve near quantitative
conversion in less than 20 min with turnover frequencies over
18,000 and up to 34,000 (mol cyclohexane) - (mol Ru)~'-h~! forat
least 10 consecutive runs under solvent-free conditions. Ru@TRGO
nanomaterials exhibit also higher activities than other reported
immobilized Ru-NPs.

4. Experimental section

4.1. Materials and methods

All experiments were done using Schlenk techniques under
inert atmosphere. Triruthenium dodecacarbonyl Rus(CO)q, (99%
purity) was purchased from ABCR chemicals and thermally re-
duced graphene oxide (TRGO) was prepared in a two steps oxi-
dation/thermal reduction process using natural graphite (type KFL
99.5 from AMG Mining AG, former Kropfmiihl AG, Passau, Ger-
many) as raw material. The graphite oxidation process of Hummers
and Offeman [81] was employed. Benzene was purchased by VWR
(p.A.), dried with sodium, distilled and stored over 4 A molecular
sieve.

Propylene carbonate was dried under vacuum at 100 °C
(103 mbar) for at least three days. IR spectra were measured on
a Bruker TENSOR 37 IR spectrometer in the range from 4000 to
500 cm™" as KBr disks.

The X-ray photoelectron spectroscopy, XPS- (ESCA-) measure-
ment was performed with a Fisons/VG Scientific ESCALAB 200X
Xp-spectrometer, operating at room temperature, a pressure of
1.0-1078 bar and a sample angle of 30°. Photoelectron spectra were
recorded using polychromatic Al-K,, excitation (14 kV, 20 mA) and
an emission angle of 0°. Calibration of the XPS was carried out by
recording spectra, using Al K, X-rays, from clean samples of cop-
per, silver and gold, at 20 eV and 10 eV pass energies and compar-
ison with reference values.

TEM micrographs were recorded with an FEI Tecnai g2 f20
operated at 200 kV accelerating voltage. High-resolution TEM
images were recorded with an FEI Titan 80-300 image CS-
corrected electron microscope at an accelerating voltage of 300 kV.
Samples were prepared using 200 v m carbon-coated copper grids.
The size distribution was determined manually and using Gatan
Digital Micrograph for at least 150 nanoparticles. For the automatic
selection of the nanoparticles we introduced a threshold in the
picture, where the nanoparticles will have a different intensity as
the background. Noteworthy the automatic determination gave a
smaller average diameter than the manual measurement.

High angle energy dispersive X-ray (EDX) detector with a
resolution of 136 eV or better for Mn K-alpha radiation, the
exposure time for individual EDX spectra was 3 min.

4.2. Synthesis of Ru@TRGO nanomaterials in propylene carbonate

Ru3(CO)q2 (25.4 mg, 3.97 x 10~2 mmol) together with 4.7 mg of
TRGO (0.2 wt% related to 2.41 g of PC) were dispersed and sonicated
for6hat30°CinPC(2mL,2.41g).

Metal carbonyl decomposition was done by means of mi-
crowave irradiation (CEM Discover) at 250 °C, 50 W, 4 bar and 10
min. The volatiles (CO) were removed under vacuum and the black
dispersion washed with distilled water (5 x 6 mL) and centrifuged.
Finally the Ru@TRGO nanomaterials were dried under vacuum at
100 °C for several hours.

4.3. Hydrogenation of benzene to cyclohexane

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 (Ru@TRGO, 5 mg containing 3.5%
Ru, 1.73 x 1073 mmol Ru) together with the substrate (benzene,
1 mL, 0.87 g 11.14 mmol) were loaded in the autoclave. The
autoclave was purged three times with H, and heated to 100 °C.
Once the set temperature was achieved, the autoclave was charged
with 10 bars of H, and the reaction mixture was stirred (800 rpm)
for 20 min. After this time the autoclave was cooled down and
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depressurized. The organic volatile were isolated by evaporation
and condensation under vacuum in a cold trap. The products were
analyzed by GC and conversion was calculated in relation to the H,
consumption.

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 x 0.32 mm, film thickness
25 wm, 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.

H,-uptake measurements were followed with a Biichi bpc
pressflow controller.

The catalyst could be recovered and re-used for at least 10
times. All procedures were repeated at least twice to evaluate the
reproducibility of the process.
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Appendix A. Supplementary data

Supplementary material (PXRD pattern of TRGO-400, IR of
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