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Abstract

Nanoparticles of ruthenium disulfide supported on silica have been characterized by high resolution transmission electron
microscopy. Lattice resolution images were obtained and provided the morphology of the&dparticles. The interpre-
tation of the atomic resolution images was performed with the help of image simulations, which enabled the atomic columns
to be correctly positioned and the thickness of the nanoparticles to be estimated. Several surface planes, such as (200) or
(111), which are supposed to present different catalytic activities, have been identified. © 2001 Elsevier Science B.V. All
rights reserved.
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1. Introduction outstanding properties particularly in the case of hy-
drogenation of aromatics. These catalytic properties
In the field of hydrotreating catalysts, extensive have been partly explained by the high capability of
research has been carried out on new active phaseRuS nanoparticles to heterolytically activate hydro-
in order to replace MoSbased catalysts. Among the gen [10]. These results stimulated theoretical works:
transition metal sulfides (TMS) studied, Ru@pidly Hartree—Fock ab initio calculations of the geometric
appeared as one of the most promising new active and electronic structure of (100) and (11 1) surfaces
phase. As compared to other unsupported transition of RuS revealed high discrepancies between the two
metal sulfides, the catalytic activity of Radn the surfaces [11]. Then similar calculations were per-
conversion of model molecules was found to be one of formed on the activation of fand HS on (100) and
the highest [1,2]. Similar trends have been observed (11 1) surfaces. These studies revealed that the (11 1)
in the supported state, e.g. on carbon [3,4]. Then, spe-plane is highly reactive towards these molecules [12],
cific studies dedicated to RuSupported on various Whereas (100) plane is poorly reactive [13]. The
oxides such as alumina [5], silica [6], zeolites [7] have problem of structure sensitivity has rarely been evoked
been performed for applied or fundamental purposes. in the catalysis by sulfides but everybody agrees on
It has been suggested that the most frequently exposedhe fact that in the case of MgSamellar nanopar-
planes are the (100) and (11 1) surfaces [8,9]. In sev- ticles, the basal planedQ01) isinactive, whereas
eral cases these active phases were found to presenactive sites are localized at the edge of the particles
on (1,0--1,0) or (1,1--2,0) planes. Apparently, even
" Corresponding author. Tekt 33-4-72-44-53-36; if RuSy pre;ents an isotropic structure, thg Fheoreti—
fax: +33-4-72-44-53-99. cal calculations suggest that structure sensitivity may
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300K), TEM images revealed that RpSarticles
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666-GATAN (minimum energy spread0.65eV, ef-

are nearly spherical, and their sizes are comprised fective analysis possible down to a probe size equal
between 2 and 10 nm, depending on the nature of theto 0.4nm). Freshly sulfided samples were ground

support or the loading deposited [5,6]. High resolu-
tion transmission electron microscopy (HRTEM) is
a unique tool which can provide nanoscale informa-
tions on the shape of individual particles of a catalyst

deposited on a high surface area support [14,15].

However, due to tilt conditions, images of lattice
fringes are not directly related to structural informa-
tions, while atomically resolved images offer a better
guarantee to identify the orientation and the struc-
ture of small particles [16]. Modern TEMs present
point-to-point resolution below 0.2 nm which leads to
atomic resolution, but further image treatments (i.e.
Fourier transform, image filtering) as well as com-
puter simulations are generally required. In the field
of catalytic nanopatrticles of transition metal sulfide,

under an inert atmosphere and were ultrasonically
dispersed in ethanol. The suspension was collected on
carbon-coated grids. HREM image simulations and
matching were performed using the multislice ap-
proach included in the SIMPLY-SHRLI package [18].

3. Results and discussion

Ruthenium disulfide belongs to the family of tran-
sition metal dichalcogenides crystallizing in the pyrite
structure (space group Pad,= 0.56095nm, with
Rt in 4(a) and S in 8(c), with x = 0.3879) [19].
Consequently, the supported particles of Rue
expected to exist in the form of tridimensional aggre-

HRTEM has only been used for the characterization of gates. A typical conventional TEM picture of a sup-
unsupported doped or undoped molybdenum disulfide ported Ru$ catalyst reveals nearly spherical particles

[17]. The purpose of this study was to use HRTEM in
order to get a complete description of the morphology
of the Ru$ nanoparticles deposited on silica.

2. Experimental
2.1. Catalysts preparation

The preparation of Ry$SiO; (7 wt.% of Ru, SiQ
Grace Davison 432, 300%y) has been previously
described in Ref. [6]. After impregnation, the dried
catalysts were heated at 673 K for 2 h under#NS
15% gas mixture to perform sulfidation.

2.2. High resolution transmission electron
microscopy, image simulation

High resolution electron microscopy (HREM) was
performed with a 200kV JEOL 2010 microscope,
with a point resolution of 0.195nm (coefficient of
spherical aberratiod's = 0.5 mm). Further analytical
work was performed on the 200kV field-emission
microscope available at the CLYME (Consortium
LYonnais de Microscopie Electronique). This in-
strument (JEOL 2010F) is equipped with an EDS
X-ray analyzer LINK-ISIS (spatial resolutionl nm)

dispersed on the support, with an average size ranging
from 2 to 10 nm (see Fig. 1). EDS analysis has been
performed on several particles using a probe size of
2.4nm, and the average results are S: 66.29 at.%, Ru:
33.71 at.%, which corresponds fairly well to RuS

At higher magnification, mono- or two-dimensional
lattice fringes are frequently observed in the Rp3&r-
ticles (see Fig. 2).

Fig. 3 shows an isolated Rparticle and the
computer treatments that have been performed on
an experimental image in order to provide a geo-
metrical modeling of the particle. This image was
obtained along [0;1,1] direction, and1,1,1} planes
are clearly present at the surface of this particle.
This zone axis has been obtained on more than 10
other particles observed at atomic resolution (see e.qg.
Fig. 4) , but two other azimuths have been observed,
i.e. [1,0,0] and 2,4,1] directions.

3.1. Image simulations

HRTEM images contain atomic information at a lo-
cal range; depending upon the thickness and defocus-
ing conditions, the position of atomic columns can be
ascertained with the help of image simulations [20,21].
In the case of RuBSsupported nanoparticles, we ob-
tained several atomic scale images which have been

and an electron energy-loss PEELS spectrometerinterpreted and simulated in order to provide a fine
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2. Lattice fringes images of Ru&SiO, supported catalysts.
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Fig. 3. Geometrical analysis of an isolated Rysarticle: (a) experimental image; (b) Fourier transform; (c) filtered image; (d) modeling
of the particle.

description of the particles. Rigorously, matches be- an isotropic shape (which is the case for the present
tween simulation and experimental images require a RuS particles; see Figs. 1 and 2); the defocus can
series of TEM images obtained with several defocus- be evaluated from numerical diffractograms obtained
ing conditions. In the case of RuSupported parti-  from the non-crystalline regions of the micrographs.
cles, the stability of the particles under the electron Then, both values can be used as a starting point of a
beam is weak and it was not possible to take several quantitative matching procedure of the experimental
pictures of the same particle. However, one advan- image, as permitted in the SIMPLY-SHRLI software
tage of small particles supported on a non-crystalline [22]. Fig. 4 shows a complete analysis of a particle
medium regarding the estimation of realistic experi- illuminated under the [} 1,0] zone axis (see figure
mental parameters for the simulations (i.e. the values caption for details). According to the above statement,
of thickness and defocus) is that those parameters canthe estimated values of thickness and defocus ate
easily be determined from the experimental images. 4.5+ 1 andd f = —57 &+ 5nm, respectively; the val-
The thickness can be evaluated from the direct mea- ues refined through the quantitative image matching
surement of the lateral size of the particles, assuming procedure are = 4 anddf = —55nm, respectively
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[MATCH] RESULTS: | BEST ERROR 25.46 | WORST ERROR 62.23

Fig. 4. HRTEM analysis of a RyJarticle on silica observed in the [21,0] direction: (a) experimental image; (b) numerical diffractogram,
showing the indexing of RuSreflections (the (110) and (00 1) kinematical extinctions are respected, owing to the small thickness which
insures the validity of kinematical diffraction conditions); (c) plot of the expected diffractogram for a defocus egu& ton, plotted with

the software Diffraction-Workshop [22]; (d) quantitative image matching procedure: an image agreement factor (IAF) has been calculated
between the experimental digitized image (bottom right) and images simulated for a range of thicknesses and defoci as indicated (simulation
parameters for the JEOL 2010 microscope: defocus sptead= 12.5 nm, convergence half-angle: 0.9 mrad). For each image, the IAF is
displayed graphically (white: maximal ‘worst’ error, dark: minimal ‘best’ error, shown by the white frame and further illustrated by the
images shown in the bottom line); (e) final enlargement of the experimental digitized image (left) compared to the simulated image (right)
producing the best match at= 4nm andd f = —55nm; atomic columns are superimposed (smallest atoms: S, largest atoms: Ru).



96

M. Aouine et al./Catalysis Today 66 (2001) 91-96

Fig. 4. Continued).

(i.e. close to the optimum ‘Scherzer’ defocdigs =
—42.5nm, equal to-(Cs2)Y/2, wherea is the electron
wavelength equal to 0.0025 nm at 200 kV). These final
values are in very good agreement with the starting and
experimentally deduced ones. Fig. 4e shows that un-
der such imaging conditions, the heaviest atoms (Ru)
appear as white dots on the experimental image; rep-
resentation of the projection of atoms (superimposed
on the right part of Fig. 4e) provides also the loca-
tion of sulfur pairs. Then, this technique provides a
complete description of the nanoparticles in terms of
location of the two kinds of atoms.

4. Conclusion

HRTEM imaging of Ru$ supported patrticles,
together with image simulations, gives detailed infor-
mation on the morphology of the sulfide nanocrys-
tallites (location of S and Ru atoms, thickness of the
particle, surface planes). The types of facets which

have been evidenced correspond in a large part to the

{1,1,1} family. As suggested by theoretical studies,
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