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ABSTRACT: We report the first discovery of pure face-
centered-cubic (fcc) Ru nanoparticles. Although the fcc
structure does not exist in the bulk Ru phase diagram, fcc
Ru was obtained at room temperature because of the
nanosize effect. We succeeded in separately synthesizing
uniformly sized nanoparticles of both fcc and hcp Ru
having diameters of 2−5.5 nm by simple chemical
reduction methods with different metal precursors. The
prepared fcc and hcp nanoparticles were both supported
on γ-Al2O3, and their catalytic activities in CO oxidation
were investigated and found to depend on their structure
and size.

The majority of metals have one of the three basic
structures: body-centered cubic (bcc), hexagonal close-

packed (hcp) or face-centered cubic (fcc). In the periodic table,
as the atomic number increases across the transition metal
series, the well-known canonical hcp−bcc−hcp−fcc structural
sequence occurs, and the relative stability of the structure is
determined by the total electronic energy of the metal.1 The
pressure−temperature (P−T) phase diagrams for bulk metals
have been extensively investigated,2 but when the size is
reduced to nanodimensions, the phase diagrams of metals
change considerably from the bulk.3 For example, fcc Co and
fcc Fe nanoparticles are stabilized under ambient conditions,
even though these phases exist in the bulk only at high
temperature.4

Ru is a 4d transition metal that in the bulk adopts an hcp
structure at all temperatures, and it has recently attracted much
attention as a catalyst for CO oxidation because of its high
catalytic activity.5 CO oxidation catalysts have been extensively
investigated because of their potential applications in removal

of CO from car exhausts and preventing CO poisoning in fuel-
cell systems.6 Moreover, steam reforming of shale gas is a
popular source of synthetic gas for the generation of various
chemical products and is strongly expected to be an important
energy source in the near future. Recently, Ru has also attracted
much attention as an effective catalyst for the steam-reforming
reaction of methane which is the main component of shale gas.7

Here we report the first example of fcc Ru and also
demonstrate an easy synthesis method that allows the size of
the nanoparticles to be controlled. The structure and size
dependence of the catalytic activity of Ru nanoparticles in CO
oxidation was observed.
Uniformly sized fcc and hcp Ru nanoparticles with sizes of

2−5.5 nm were prepared by chemical reduction methods using
Ru(acac)3 and RuCl3·nH2O, respectively, as the metal
precursors and poly(N-vinyl-2-pyrrolidone) (PVP) as the
stabilizing agent. Ethylene glycol (EG) or triethylene glycol
(TEG) was employed as the solvent and reducing agent for the
synthesis. Phase control was achieved by varying both the metal
precursor and the solvent, and size control was achieved by
adjusting the concentrations of the reagents and the PVP
stabilizer used for the synthesis (Table 1). In a typical synthesis
of fcc Ru nanoparticles having a diameter of 2.4 nm, Ru(acac)3
(2.1 mmol) and PVP (10 mmol of monomer units) were
dissolved in TEG (500 mL) at room temperature. The solution
was then heated to 200 °C and maintained at this temperature
for 3 h. After the reaction was complete, the prepared
nanoparticles were separated by centrifugation. The syntheses
of fcc and hcp Ru nanoparticles larger than 3.5 nm were
performed using this method, but an adequate amount of PVP
was added into the reaction solution after 3 h of heating to
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adjust the relative amount of PVP to be similar to that for the
smaller nanoparticles.
To investigate the size of the prepared samples, transmission

electron microscopy (TEM) images were obtained with a
Hitachi HT7700 TEM instrument operated at 100 kV. The
TEM images in Figure 1show the formation of uniform Ru
nanoparticles A−H having diameters of 2.2−5.4 nm with
narrow size distributions. The mean diameters and distributions
(Table 1) were estimated by averaging over >200 particles.
The crystal structure of the Ru nanoparticles was investigated

by powder X-ray diffraction (PXRD) analysis using a Bruker D8
Advance diffractometer with Cu Kα radiation. Figure 2 shows

the patterns for all of the prepared Ru nanoparticles. The trend
in the XRD patterns correlated well with the TEM images, as
the diffraction peaks became sharper as the mean particle size
increased. One of the most noteworthy outcomes in this study
is that the structure of the Ru nanoparticles could be controlled
simply by choosing adequate combinations of the metal
precursor and the reducing agent. All of the Ru nanoparticles
synthesized with Ru(acac)3 and TEG adopted an fcc structure,
whereas those synthesized with RuCl3·nH2O and EG had an
hcp structure. While several computational studies have
reported the possibility of an fcc phase in Ru,8 to the best of
our knowledge, this is the first report of the synthesis of fcc Ru.
The structure of the prepared nanoparticles was also

confirmed through selected-area electron diffraction (SAED)
and high-resolution TEM (HRTEM) analysis using a JEOL
JEM-ARM 200F microscope with spherical-aberration correc-
tors (CEOS GmbH) operated at 200 kV. HRTEM images were
recorded in the Gatan Ultrascan 1000 CCD camera without
objective aperture. Images of fcc and hcp nanoparticles are
presented in Figure 3. The image of an hcp Ru nanoparticle

Table 1. Reaction Conditions for the Synthesis of fcc and
hcp Ru Nanoparticles

sample structure size (nm)
metal precursor/

mmol
solvent/
mL

mmol of
PVP

A fcc 2.4 ± 0.5 Ru(acac)3/2.1 TEG/
500

10.0

B fcc 3.5 ± 0.7 Ru(acac)3/2.1 TEG/
200

10.0

C fcc 3.9 ± 0.8 Ru(acac)3/2.1 TEG/
100

5.0

D fcc 5.4 ± 1.1 Ru(acac)3/2.1 TEG/25 1.0
E hcp 2.2 ± 0.5 RuCl3·nH2O/2.1 EG/500 10.0
F hcp 3.5 ± 0.6 RuCl3·nH2O/2.1 EG/200 10.0
G hcp 3.9 ± 0.6 RuCl3·nH2O/2.1 EG/100 5.0
H hcp 5.0 ± 0.7 RuCl3·nH2O/2.1 EG/25 1.0

Figure 1. TEM images of synthesized (A−D) fcc and (E−H) hcp Ru
nanoparticles with diameters of (A) 2.4, (B) 3.5, (C) 3.9, (D) 5.4, (E)
2.2, (F) 3.5, (G) 3.9, and (H) 5.0 nm.

Figure 2. PXRD patterns for (A−D) fcc and (E−H) hcp Ru
nanoparticles at room temperature. The radiation wavelength was 1.54
Å (Cu Kα).

Figure 3. (a) HRTEM image of an fcc nanoparticle in sample D. The
inset is an illustration of the decahedral structure. (b) HRTEM image
of an hcp nanoparticle in sample H. The inset is an illustration of the
hcp lattice viewed along the [100] direction. The scale bars are 1.0 nm.
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recorded along the [100] direction (Figure 3b) clearly shows
the hcp ABABAB... stacking sequence. On the other hand,
Figure 3a shows a Ru nanoparticle representing the {111} fcc
planes. This is a single fivefold-symmetry twinned nanoparticle
having a decahedral structure consisting of five tetrahedrons.
The decahedral structure is well-known as a typical structure of
fcc metal nanoparticles such as Au, Ag, and Pd.9 The details of
the SAED and HRTEM analyses are described in Figures S1−
S3 in the Supporting Information. These results confirmed that
the crystal structure of Ru nanoparticles can be controlled by
adjusting the synthetic precursor.
To investigate further the thermal stability of fcc Ru

nanoparticles, we performed in situ PXRD measurements at
the BL02B2 beamline at SPring-8 (Figure S4). The prepared
Ru nanoparticles showed the fcc structure over a wide range of
temperatures and were stable up to 723 K.
To investigate the catalytic activity of the synthesized

nanoparticles in CO oxidation, the Ru nanoparticles were
supported on γ-Al2O3 by the wet impregnation method. The
catalysts were heated in increments of 10 °C to the temperature
at which CO was consumed completely, and the products were
analyzed at each temperature. The variation in CO conversion
with temperature on Ru nanoparticles supported on γ-Al2O3 is
summarized in Figure S5.
Figure 4 compares the CO conversions for 1 wt % loadings

of each size of nanoparticle supported on γ-Al2O3. For the hcp

Ru nanoparticles, the temperature for 50% conversion of CO to
CO2 (T50) increased with particle size, a trend similar to that
for Au or Rh nanoparticles.10 Conversely, for the fcc Ru
nanoparticles, T50 decreased with increasing particle size,
similar to the trend observed for Pt nanoparticles.11 Above 3
nm, the newly discovered fcc Ru nanoparticles were more
reactive than the conventional hcp Ru nanoparticles. It has
been reported that the mechanism of CO oxidation with hcp
Ru begins with the oxidation of Ru(001) to form a few
RuO2(110) layers, after which the CO oxidation occurs on
RuO2(110).

12 The fcc (111) plane is also a close-packed plane
in common with the hcp (001) plane. Although hcp
nanoparticles are not completely enclosed by only close-packed
planes, fcc nanoparticles generally tend to be enclosed by (111)
planes because these planes have the lowest surface energy.13

Therefore, the fcc Ru surface could be more reactive than that
of hcp Ru for CO oxidation. In addition, the higher catalytic
activity of the fcc Ru nanoparticles may be attributed in part to
the presence of defects such as twin boundaries, fivefold

symmetry axes, or distortion of the lattice parameter to fill
space. However, the size dependences are different. This
tendency might result from the differences in the formation
process of oxide layers, the adsorption behavior of CO, or the
activation energy, because of the differences in the electronic
states and surfaces in the fcc and hcp structures. Further
studies, including theoretical calculations, are required to
understand the oxidation mechanism for fcc Ru.
In summary, we have reported the first synthesis of fcc Ru

nanoparticles and the facile method for their synthesis. While
hcp is the only phase in bulk Ru, the fcc phase was obtainable
as a nanoparticulate phase. The structure of Ru nanoparticles
can be controlled by choosing adequate combinations of the Ru
precursor and reducing agent. All of the Ru nanoparticles
synthesized with Ru(acac)3 and triethylene glycol had the fcc
structure, whereas the Ru nanoparticles synthesized with
RuCl3·nH2O and ethylene glycol had the hcp structure. The
type of metal precursor is likely to be the most important cause
of formation of fcc Ru. That is to say, the metal precursor that
dissolves into the organic solvent as a neutral molecule rather
than as an ion leads to fcc Ru. In addition, the catalytic activity
for CO oxidation of the Ru nanoparticles supported on γ-Al2O3
was structure- and size-dependent. From the present results,
other metal nanoparticles could possibly form unknown
structures in the bulk state, providing unique and valuable
properties that are different from those of the conventional
materials.
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