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Single-Step Synthesis of Ruthenium Catalytic Nanocrystallites in a Stable
Carbon Support

Jose M. Calderon-Moreno,*?! Vilas G. Pol,”! and Monica Popa!l

Keywords: Ruthenium / Carbon / Nanoparticles / Electron microscopy / Green chemistry

Metallic Ru nanoparticles have been prepared and incorpo-
rated in a protective carbon support by the decomposition of
a single organometallic precursor, Ru' acetylacetonate, un-
der autogenic conditions in a single-step process in the ab-
sence of any solvents or stabilizers. The product structure
was confirmed by X-ray diffraction, Raman spectroscopy,
scanning electron microscopy, energy dispersive spec-
troscopy, scanning transmission electron microscopy, trans-
mission electron microscopy and high resolution transmission
electron microscopy. Measurements demonstrated the ex-
clusive presence of hexagonal metallic ruthenium nanopar-
ticles with a homogeneous size of 2-4 nm in a carbon sup-

porting matrix, forming a high loading Ru catalyst with a
muffin cookie like structure. The mechanism of the process
is explained by the nucleation of Ru crystalline nuclei before
carbon deposits on the Ru nanocrystallites, in an early stage
of nanoparticle growth, during the single precursor decom-
position. The carbon acts as a protective support, preventing
further Ru nanoparticle growth, agglomeration or sintering.
The catalytic properties have been tested by the hydrogen-
ation of benzene to cyclohexane, and show high activity, full
conversion of benzene, 100 % selectivity for cyclohexane and
good recyclability.

Introduction

Nanosized particles of Pt group metals exhibit peculiar
properties making them excellent catalysts for many chemi-
cal reactions, but their catalytic activity is strongly depend-
ent on the mean particle size, shape, particle-size distri-
bution and composition.['>! Their use as advanced and
modern materials in high technology (electronics, optics, ca-
talysis), because of the quantum size effect,!! requires uni-
form, non-agglomerated particles with controlled mean size
and a narrow size distribution. An effective control of par-
ticle size continues to be the most challenging task for the
research involving the synthesis of colloidal metal disper-
sions.l”-81 A synthetic method that enables good control over
these parameters is needed, as the difficulty of developing
a low-cost, low-waste and reproducible synthesis route on
a large scale is still to be encountered.1!

As an important member of the group of platinum met-
als, Ru nanoparticles have been known to show unique ac-
tivities as catalysts;I'"-!?) small Ru particles can be used as
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quantum dots for understanding the quantum size effect
and for the design of new optic and electronic materials.[3]
Ru nanocatalysts are attractive for catalytic processes of
great industrial interest such as ammonia synthesis!'?! or
hydrogenation of phenol.’l The preparation of Ru nanopar-
ticles is a real challenge since it is less investigated® as com-
pared with Ptl'#16l or Pd nanoparticles,'®!” presumably
because of the difficulties associated with ruthenium re-
duction as compared with the other precious metals.

Methods reported for the synthesis of Ru nanoparticles
are based on chemical'®2! and electrochemical re-
duction,??!  decomposition of organometallic precur-
sors,[2324 sonochemical decomposition,?>-271 UV photoly-
sisi?®l and metal vapour deposition.”) Among these meth-
ods, reduction by chemical agents has been the most exten-
sively studied: the use of polyol as a reducing agent is par-
ticularly approached by different groups.”-3°-33 Frequently,
Ru nanosystems are obtained by reduction of RuCl; in
glycols, such as ethylene glycol or diethylene glycol,['2-34-36]
hydrogen reduction”! or sodium borohydride reduction.[*8
Ru nanoparticles are also prepared by using polymers,”!
ligands like amines, alcohols or thiols,[**23! cellulose deriva-
tives*”l and organosilane fragments*!l as stabilizers. How-
ever, the protected Ru nanoparticles are not stable under
treatment at higher temperatures since such treatment leads
to sintering of particles.[*1:4]

A survey of the literature shows that most of the contri-
butions dealing with the preparation of Ru fine nanopar-
ticles report inconveniences such as difficult removal of sol-
vents, high boiling point and low viscosity of the polyols
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used as solvents, ligands or templating agents, also difficult-
ies in their recyclability or the limited resistance of the
nanoparticles towards sintering at high temperatures.

The objective of this paper is to report an easy, straight-
forward and practical thermal decomposition method that
provides nanoparticles of metallic Ru protected against sin-
tering and agglomeration up to high temperatures, without
using any solvents or stabilizers, from a common available
Ru compound. In comparison with the previously reported
methods for preparation of carbon-supported Ru catalysts,
this method is much simpler; prepared in a single step from
a single commercial precursor and the pure metallic state
of ruthenium nanoparticles has been confirmed by direct
X-ray diffraction (XRD) and elemental analysis by electron
dispersive X-ray spectroscopy (EDS). Furthermore, the fine
size and dispersion of the Ru nanocrystallite is confirmed
from high resolution electron microscopy and elemental
mapping of Ru and C. The hydrogenation of benzene to
cyclohexane has been carried out to test the catalytic ac-
tivity of this carbon-supported Ru catalyst. Catalytic tests
show high activity, full conversion of benzene and 100%
selectivity for cyclohexane.

Results and Discussion

XRD and Raman Spectroscopy Results of Ru Particles

The XRD and Raman spectroscopy results of Ru par-
ticles are shown in Figure 1A and B, respectively. The XRD
results (Figure 1A) demonstrate that the obtained particles
are nanocrystalline and metallic. All the X-ray diffraction
peaks are congruent with the standard ruthenium metal
particles’ data file (JCPDS No. 06-0663). The X-ray diffrac-
tion lines are broadened, indicating the small size of the
products. The results confirm that ruthenium is one of a
few transition metals that only crystallize in a hexagonal
compact structure. A similar XRD pattern was measured
by Bonet et al.”l for Ru nanoparticles by microwave irradia-
tion and an oil-bath heating method. The XRD diffraction
pattern of the particles showed that no other impurity was
detected in the XRD pattern.

] -~
il I B!
) o v
8l e e

3 3

&

& ]

=

: -

& ]

= (102) (110)
7[II[|IIII1[II |IEII|III[|I[II:IIII|I1II‘[[III|
30 45 60 75

A) 200"

B)

European Journal

of Inorganic Chemistry

More accurate information on the sample can be ob-
tained from Raman spectroscopy, which is widely used for
the analysis of carbon materials because of its ability to
distinguish bonding types and domain size. Figure 1B
shows the typical Raman spectra of the Ru/C composite
particles. Bands at 1300 cm ™! and at 1600 cm™! can be iden-
tified in the spectrum as the so-called Raman D and G
bands, respectively. In Raman spectra, the G and D peaks
are two typical characteristics of carbon-based materials
and are identified by the E,, C—C vibrational mode of the
bond stretching of all pairs of sp> atoms and the breathing
modes of the sp? ring structure in disordered graphite,*’]
respectively. The positions and relative intensities of the D
and G bands indicate a highly disordered amorphous struc-
ture, most probably because of the relatively low tempera-
ture used in the thermal decomposition. Much higher tem-
peratures are required to initiate graphitization of the
amorphous carbon. The shoulder bands at about 1250-
1300 cm™! (marked by *) are from the plasma lines of the
laser used for the Raman measurements.

Microstructure Analysis by SEM, STEM, TEM and
HRTEM

SEM micrographs of the as-prepared product are shown
in Figure 2. Spherical agglomerates of 1-2 microns in size
containing individual smaller particles are observed. The
mean diameters of the larger round particles are estimated
from the SEM images to have an average size of 1.5 microns
(Figure 2A, B, C). The formation of microsized carbon
spherest*+*! and filaments*®! from organic precursors
heated under autogenic pressure is well known. Fine indi-
vidual particles, a few nm in size, can clearly be spotted on
the surface of the microsized particles (Figure 2D).

For the EDS spectra, the Ru elemental mapping of the
as-prepared product is shown in Figure 3. The typical sur-
vey spectrum shows only peaks that are characteristic of C
and Ru. The absence of an O peak in the EDS measurement
clearly confirms the metallic character of the Ru in the ma-
terial. The homogeneous spatial distribution of Ru in the
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Figure 1. (A) XRD pattern of the sample, (B) Raman spectrum of the as-obtained particles.
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Figure 2. (A)—(D) Scanning electron micrographs of Ru/C nanocomposite.
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Figure 3. EDS spectrum, SEM micrograph and Ru distribution.

carbon matrix is remarkable and demonstrates the absence
of Ru nanoparticle growth, sintering or agglomeration.
SEM and associated EDS elemental mapping demonstrate
that the product has a muffin-like structure, composed of
carbon and nanosized metallic Ru well dispersed in the car-
bon matrix. The very fine metallic Ru clusters are embed-
ded in the carbon matrix without any signs of agglomera-
tion.

STEM and energy-filtered TEM confirmed the uniform
distribution and small size of the Ru nanocrystallites. Fig-
ure 4 shows scanning transmission electron spectroscopy
observations carried out to evidence the elemental distribu-
tion of Ru and C: the micrographs of the Ru/C nano-
2858
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composite in bright field (Figure 4A) and dark field (Fig-
ure 4B), respectively, and the elemental dot mapping of Ru
(Figure 4C) and carbon (Figure 4D) in the Ru/C nano-
composite. It is well known that the thermal and chemical
stability of nanosized metal particles is extremely reduced
compared to the bulk system.[*” The heating of the sample
to 500 °C did not cause any agglomeration in our samples
or excessive particle growth of the Ru nanoparticles dis-
persed in the carbon matrix with a narrow size distribution.
The larger Ru nanoparticles in the carbon matrix are ca.
20 nm in diameter; they are seen in Figures 2D and 4 as the
darker spots in the bright-field micrograph (Figure 4A) and
as the brighter spots in the dark-field image (Figure 4B).

Eur. J. Inorg. Chem. 2011, 2856-2862
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Figure 4. Scanning transmission electron spectroscopy: (A) Bright-field, (B) dark-field micrographs of Ru/C nanocomposite and elemental

dot mapping of (C) Ru and (D) C.

Carbon effectively stabilizes the metallic nanoparticles ren-
dering them air-stable, as has been reported before for Fe—
Co air-stable nanoparticles.[*3]

Table 1 summarizes the quantitative elemental analysis
results of Ru and C as weight and mass percentages.

Table 1. Weight and atomic percent content of the Ru/C nanocom-
posites.

=
o = !
i ~
| l
0 2 4
keV
Element [keV] Mass [%] Counts Error [%] Atom [%)]
C 0.277 24.34 444714 0.01 73.02
Ru 2.558 75.66 15166.08 0.02 26.98
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The distribution and size of metallic Ru embedded in the
carbon matrix were studied at a higher resolution by TEM
and HRTEM. Figure 5 shows the typical TEM images of
the samples. The images clearly show dark spherical spots
(Ru nanoparticles) with diameters below 5 nm (Figure 5B),
well dispersed in the carbon matrix (lighter features). The
higher magnification images (Figure 5C-D) reveal Ru
nanocrystallites in the range 2-4 nm.

Catalytic Activity

Hydrogenation of benzene to selectively give cyclohexane
by using catalysts at pressures of 20-30 atm and tempera-
tures above 200 °C is an industrially important process in
the production of nylon. The problems faced in the conven-
tional process of benzene hydrogenation require the devel-
opment of a new, effective catalyst giving the required high
selectivity and conversion under milder conditions. The
catalytic activity tests of the Ru/C composites for the ben-
zene hydrogenation reaction indicate 100% conversion into
cyclohexane after 2 h. The observed activity for the hydro-
2859
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Figure 5. (A)—(D): Transmission electron micrographs of the Ru/C nanocomposite at different magnifications; (B): arrows indicate the
Ru nanoparticles and carbon support. (C), (D): circles indicate the metallic Ru nanoparticles embedded in the carbon matrix.

genation of benzene to cyclohexane is much higher than the
activity reported for catalytic nanoparticles supported on
montmorillonite clay, a few mol per mol and hour,*’! and
compares well with TOF values reported for similar cata-
lytic test conditions for SBA and multiwall carbon nano-
tube supported Ru catalysts,5%3! in the hundreds of mol
per mol and hour. The recovered catalyst was reused with-
out any change in catalytic activity.

Conclusions

We report the facile synthesis of Ru metallic nanopar-
ticles protected in a carbon matrix in a single-step, clean,
thermal decomposition, starting from a common available
single precursor, Ru'! acetylacetonate, at a low temperature
of 500 °C, without using any stabilizers or solvents. The
main advantages of the process described are the versatility,
efficiency, reproducibility and ease of obtaining air-stable,
monocrystalline Ru particles that are a few nanometers in
size and can find applications as catalysts.

Detailed microstructural observations and quantitative
elemental analysis demonstrated spherical superstructures
with a dense loading of Ru metal nanoparticles (75 wt.-%).
The nanoparticles are homogeneous and below 5 nm in size
2860
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and are uniformly embedded in a carbon matrix, forming
structures like muffin cookies. The fine Ru nanoparticles
are air-stable and protected against agglomeration, growth
and/or sintering by the carbon-protective matrix. The as-
prepared Ru/C product shows high catalytic activity for the
hydrogenation reaction of benzene to cyclohexane with full
conversion and selectivity at room temperature. The
carbon-supported Ru nanoparticles may find further appli-
cations in other catalytic reactions at low and elevated tem-
peratures, without microstructural changes from nanoparti-
cle sintering or agglomeration.

Experimental Section

Synthesis: The synthesis procedure for the Ru particles is outlined
in Figure 6. Ruthenium(III) acetylacetonate [Ru(CsH,0,);] was
purchased from Aldrich and used as received. Ruthenium(III) acet-
ylacetonate (0.5 g) was placed in a reactor made up of Haynes
230 alloy at room temperature under atmospheric conditions. The
reactor was closed and then placed at the centre of the furnace.
The temperature was raised at a heating rate of 20 °C per minute
up to a temperature of 500 °C, which was maintained for 2 h. The
reaction took place under the autogenic pressure of the single
chemical precursor. The heated reactor was gradually cooled to
room temperature and opened. A dry, dark, black powder with a

Eur. J. Inorg. Chem. 2011, 2856-2862
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40 wt.-% yield was obtained. In the reaction precursor [Ru-
(CsH;0,);] the calculated elemental weight percentages of carbon,
hydrogen, oxygen and ruthenium are 45.2, 5.2, 24.2 and 25.4 (wt.-
%), respectively. The obtained yield is around 40%. It is assumed
that all the Ru from the precursor solidifies and remains (25.4 wt.-
%) in the product, while around 15 wt.-% carbon nucleated to sur-
round the formed Ru nanoparticles. The rest of the carbon and
oxygen reacted to produce CO, gas, and at the same time hydrogen
gas reacted with some of the carbon yielding additional hydro-
carbons (C,H,), which act as reducing agents preventing the oxi-
dation of ruthenium metal. This explains our EDS results in
Table 1, where some of the carbon and most of the hydrogen and
oxygen elements are lost during controlled thermolysis resulting in
a higher amount of Ru compared to carbon.

Ru [CH;COCH=C(0O-)CH;];
05¢g

]

Closed Reactor
(Haynes 230 alloy)

]

Heating 20 °C/min
V

| 500°C (2 h) ]

Y

Black powder

Figure 6. Synthesis procedure for obtaining the Ru nanoparticles.

Instrumental Details: Phase purity and crystal structure of the ob-
tained Ru/C nanocomposite material were determined by using
XRD. The XRD pattern was recorded with a standard dif-
fractometer (model D5000 Siemens, Berlin, Germany) equipped
with a graphite monochromator by using Cu-K, radiation (4 =
1.5405 A) operating at 40 mA and 40 kV and by employing a scan-
ning rate of 0.02° and counting time of 5 s per step. Raman spectra
were recorded with a Jobin—Yvon Horiba Raman system. The
514 nm line of an Ar laser was used as the excitation source, fo-
cused to a 1-2 um spot size. The morphology of the thin films was
observed by scanning electron microscopy (SEM) and transmission
electron microscopy (TEM). SEM was performed by using a field-
emission scanning electron microscope, JEOL JSM7500F, op-
erating at an accelerating voltage of 10 kV. The TEM micrographs
were recorded with a HITACHI HT800 apparatus equipped with
a Link energy dispersive X-ray spectroscopy (EDS) system and op-
erating at an accelerating voltage of 200 kV. The high resolution
TEM and scanning transmission electron microscopy (STEM)
micrographs were obtained with a JEOL 3011 microscope op-
erating at 300 kV equipped with a high-angle annular dark-field
(HAADF) detector.

Catalytic Measurement Details: Catalytic activity tests for the benz-
ene hydrogenation reaction were performed in a stainless steel reac-
tor. Benzene (2 mL, 0.03 mol) and the Ru/C composite catalyst
(40 mg, corresponding to 3X 104 mol Ru content) were loaded
into the reactor. The reaction took place at a constant hydrogen
pressure of 30 atm and a temperature of 25 °C under magnetic stir-
ring. The obtained sample was analyzed by gas chromatography
with a capillary column.
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