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Abstract

Nano-sized Ru metals have been prepared by the chemical reduction of ruthenium chloride and ruthenium hy-
droxide. Sodium borohydride was used as a reducing agent. The samples have been characterized by elemental analysis,
X-ray diffraction, differential scanning calorimetry, and transmission electron microscopy. The preparation method
greatly affects the composition and surface area of the material. All the samples show nanosized particles. However,
samples prepared by reduction of ruthenium hydroxide had a lower surface area and larger particle size than those
prepared by reduction of ruthenium chloride. Residual amount of boron was present in the samples. The samples

demonstrate amorphous structure.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

Nanosized materials have attracted extensive
interest in recent years, [1-12] due to their unique
isotropic, structural and chemical properties. Pre-
vious investigators have reported that nanosized
materials can possess novel physical, mechanical,
and chemical properties, particularly for catalytic
and magnetic recording applications. [1,13,14]
There are two major techniques used for produc-
ing the nanosized amorphous alloy. One is the
chemical technique, the other is the physical
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technique. The chemical technique includes
chemical reduction and the sol-gel process. The
physical technique includes deposition from vapor,
etc. Of relevant interest when using nanosized
amorphous metal is how to decrease the particle
size of the material. Generally, the particle size of
nanosized metal prepared by vapor and sputter
deposition, and melt-quenching is rather large. [15]
Nanosized metals can also be produced by sol-gel
method using metal alkoxides as the starting ma-
terials. However, metal alkoxides are expensive
and the strict preparation conditions are required.
Nanosized metals produced by chemical reduction
have received increasing attention in recent years.
The nanosized metal particles obtained by chemi-
cal reduction have the obvious merits of a smaller
particle size than those prepared by vapor and
sputtering deposition and melt-quenching [16,17].
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The preparation condition is also not so strict as
that of sol-gel method. Therefore, the cost would
be lower. In addition, it can be produced in con-
tinuous process.

In the present study, a series of nanosized ru-
thenium metals were prepared by two chemical
reduction methods. In the first method, ruthenium
chloride was reduced by sodium borohydride. In
the second method, ruthenium chloride was con-
verted to hydroxide and then reduced by sodium
borohydride. The objective of this study was to
investigate the effects of the preparation method
on the characteristics of the materials. The mate-
rials were characterized by elemental analysis,
X-ray diffraction (XRD), nitrogen sorption, dif-
ferential scanning calorimetry (DSC) and trans-
mission electron microscopy (TEM).

2. Experimental
2.1. Chemicals

Ruthenium (III) chloride hydrate (>99.5%),
sodium hydroxide (>95%) and sodium borohy-
dride (>98%) were used.

2.2. Sample preparation

Ruthenium samples were prepared by two
methods: (i) direct reduction method. Ruthenium
chloride was reduced directly with sodium boro-
hydride. An excess amount of sodium borohydride
was added drop by drop to the aqueous solution of
ruthenium chloride under ultrasonic agitation. The
precipitate was collected on a ceramic filter and
washed thoroughly with distilled water. The sam-
ple was then rinsed with acetone, filtered and dried
at room temperature. (ii) Hydroxide method. Ru-
thenium chloride was converted to hydroxide and
then reduced. An excess amount of aqueous so-
dium hydroxide solution (30 wt% NaOH) was
added to the solution of ruthenium chloride to
form ruthenium hydroxide. After aging at 70 °C
for 1 h, the solution was cooled to to room tem-
perature. Excess amount of sodium borohydride
was added drop by drop to the solution under
ultrasonic agitation.

2.3. Elemental analysis

Inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) was used to determine
the composition of the samples. A sequential ICP
spectrometer was used to determine the contents
of Ru and B. Weighed samples were dissolved in
hydrochloric acid and diluted with distilled water
to a concentration within the calibration range of
each element. The standard solutions were diluted
and used to establish the calibration curves. The
wavelengths (nm) used for elemental analysis were
240.272 and 249.773 for Ru and B, respectively.

2.4. X-ray diffraction

XRD patterns of the samples were recorded on
a diffractometer with nickel-filtered CuK, radia-
tion. The X-ray tube was operated at 40 kV and 30
mA. Samples were scanned over the range 260 =
10-80° at a rate of 0.05°min~!. A scan of silica was
used as a standard.

2.5. Nitrogen sorption

The nitrogen adsorption isotherms and specific
surface areas were determined by nitrogen physi-
sorption with the BET method at liquid nitrogen
temperature using an automatic analyzer. Prior to
measurement, the samples were degassed at 323 K
for 12 h. The final pressure was ~0.1 Pa in the
closed system for at least 1 min. BET surface areas
were calculated in a relative pressure range be-
tween 0.01 and 0.2 assuming a cross-section area
0.162 nm? for the nitrogen molecules.

2.6. Differential scanning calorimetry

DSC was conducted under nitrogen (99.99%)
atmosphere. The sample was scanned over the
range 50-550 °C at a rate of 10 °C/min to inves-
tigate the crystalline processes of the amorphous
structure.

2.7. Transmission electron microscopy

TEM was used to investigate the morphologies
and particle sizes of the ruthenium samples. Im-
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ages were taken on transmission electron micro-
scope operated at 200 kV. A small amount of the
sample was put into a sample tube filled with an-
hydrous alcohol. After agitating the sample under
an ultrasonic environment for 30 min, one drop of
the dispersed slurry was dipped on a carbon-
coated copper mesh (300#).

3. Results and discussion
3.1. Elemental analysis

The ruthenium metals were prepared by the
reduction of either ruthenium chloride or ruthe-
nium hydroxide with an excess amount of sodium
borohydride. Table 1 shows the composition of the
samples prepared by the reduction of ruthenium
chloride. A small amount of boron was found in
the samples. The boron content in the solid sample
increased with increasing boron content in the
mother solution. In addition, the boron content in
solid samples prepared by the reduction of ruthe-
nium chloride was greater than in the samples
prepared by the reduction of ruthenium hydrox-
ide. No chlorine ion was detected I the samples
due to the thorough wash of the samples.

3.2. X-ray diffraction
The XRD patterns of the samples as shown

in Fig. 1 have a broad peak around 20 = 45°.
This can be assigned to the amorphous state of

Table 1

The characteristics of the samples
Sample B/Ruratio Compo-  BET sur- Particle

in solution sition face area size (nm)
(m*/g)

Reduction of ruthenium chloride
A-1 6/1 RU93v3B1_7 329 20.4
A-2 3/1 Ru:)g_7B1_3 307 218
A-3 1/1 RU992B0_3 18.6 36.0
Reduction of ruthenium hydroxide
B-1 3/1 Ru%sz}_g 18.2 36.8
B-2 1/1 RUK)7>4 B2.6 142 472
B-3 1/3 Ru%lel_g 10.2 65.7

B-1

Intensity (a.u.)

n n

30 40 50 60
260 (degree)

Fig. 1. XRD patterns.

ruthenium. [13,18-20] The XRD patterns did not
contain any distinct peaks corresponding to a crys-
talline phase for all the samples. All the samples
demonstrate an amorphous structure.

3.3. Nitrogen sorption

Table 1 shows that the samples prepared by the
reduction of ruthenium hydroxide had a lower
surface area than those prepared by the reduction
of ruthenium chloride. Nitrogen sorption results
showed that these samples were not porous. Cal-
culation of the particle sizes from the BET surface
areas, with the assumption of free spherical
structure, yields values of 10-30 nm, which are in
good agreement with those from TEM as shown in
a later section. Struijk et al. [21] applied the hy-
droxide method to prepare ruthenium particles.
Their catalysts were reduced at a much higher
temperature with hydrogen gas (>200 °C). The
porous polycrystalline conglomerates obtained
had particle sizes of 10-150 um. In this study, the
samples were reduced at room temperature with
sodium borohydride. The above findings reconfirm
that high temperature hydrogen reduction results
in larger particle size of the catalyst.
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3.4. Differential scanning calorimetry

It is evident from DSC results (Fig. 2) that Ru
samples prepared by the reduction of ruthenium
chloride (sample A-2) had a smaller particle size
than those prepared by the reduction of ruthenium
hydroxide (sample B-2). Sample B-2 had a higher
thermal stability. The growth of crystalline nuclei
in the process of forming a new crystalline phase in
an amorphous phase can be divided into two
stages: one is the formation of crystalline nuclei,
the other is the growth of nuclei. The formation of
a new crystalline phase on the surface can reduce
the surface energy. It thus appears that the surface
energy of smaller particles is higher. The tendency
to form a stable crystalline state, hereby decreasing
the surface energy on smaller particle surfaces, is
therefore stronger. The number of crystalline nu-
clei formed in smaller particles is much greater,
hence the small particles have a lower thermal
stability.

3.5. Transmission electron microscopy

Distinct differences in the morphologies and
particle sizes of the samples are observed in the
TEM micrographs. The samples demonstrate a
particle-aggregate morphology as shown in Fig. 3.
The particle sizes of the samples A-2 and B-2 (di-
ameter range 10-30 nm) were determined from
TEM micrographs. By assuming that the Ru par-
ticles are spherical and non-porous, their average

dH/dT (a.u.)
a
—
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Fig. 2. DSC results.
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Fig. 3. TEM micrographs: (I) sample A-1 and (II) sample B-1.

sizes can be estimated by the equation d (nm) =
6/Sperp x 10° where Sper denotes the surface area
and p is the density of the metal. The particle sizes
from TEM and those calculated from surface area
measurements are in good agreement.

4. Conclusion

A series of ultrafine Ru catalysts have been
prepared by reduction of ruthenium chloride and
ruthenium hydroxide. Sodium borohydride was
used as a reducing agent to avoid the agglomera-
tion problem posed by high temperature reduction
when using hydrogen gas as a reducing agent.
The preparation method has great influence on the
composition and surface area of the samples. The
samples prepared by the reduction of ruthenium
hydroxide have a lower surface area and larger
particle size than the samples prepared by the re-
duction of ruthenium chloride. Residual amount
of boron was present in the samples. The samples
demonstrate amorphous structure.
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