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ABSTRACT
Treatment under H2 at 300 °C of Ru(COD)(COT) dispersed on silica yields 2 nm ruthenium nanoparticles,
[Rup/SiO2], according to EXAFS, HRTEM and XPS. H2 adsorption measurements on [Rup/SiO2] in the absence of
O2 show that Ru particles adsorb up to ca. 2 H per surface ruthenium atoms (2H/Rus) on various samples; this
technique can therefore be used to measure the dispersion of Ru particles. In contrast, O2 adsorption on [Rup/SiO2]
leads to a partial oxidation of the bulk at 25 °C, to RuO2 at 200 °C and to sintering upon further reduction under H2,
showing that O2 adsorption cannot be used to measure the dispersion of Ru particles.
KEYWORDS Ruthenium. Particles. Silica. H2. O2. Adsorption.
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INTRODUCTION
Supported metal nanoparticles constitutes a large class of heterogeneous catalysts,[1] and their properties
(activity, selectivity…) are often, if not always, associated to their size and shape.[2] Thus, a precise measurement of
their size, often referred to as dispersion, is critical if one wants to understand their reactivity and try to develop
structure-reactivity relationships. Of various methods targeted at measuring particles dispersion measurements, H2
and O2 adsorptions[3] are very useful and convenient: however this approach relies on the knowledge of the number of
hydrogen adsorbed per surface atoms, and this stoichiometric ratio depends on the metals. In the case of platinum[4, 5]
and rhodium,[6] extended studies on adsorption measurements, based on Langmuir adsorption isotherms, correlated to
particle size distributions (determined by TEM), led to the stoichiometry of 2H/Ms, in contrast to the former accepted
value of 1H/Ms.[7] In the case of ruthenium, early studies on Ru powders suggested a ratio of 1.5 by comparing H2
and N2 adsorptions.[8] Later studies on powder and supported samples[9, 10] were consistent with a stoichiometry of
1Hirrev/Rus (or slightly higher), which was not size dependant, while others claimed a value of 2 H/Rus.[11] It was also
proposed using solid-state NMR that hydrogen chemisorption greatly underestimated the ruthenium dispersion.[12]
Thus, it appears that no real consensus has been reached for the H/Rus stoichiometry and for the method to perform
chemisorption measurements. In the case of O2, various studies on ruthenium diverged in the O/Rus stoichiometry,
ranging from 1 to 2,[10, 13] but agreed on its high dependence toward the method of preparation and the size of the
particles.
Here, by using EXAFS, HRTEM and XPS in combination with H2 adsorption measurements, we show that fully
reduced RuP supported on silica, [RuP/SiO2], (reproducibly and reversibly) adsorb 2H/Rus. We also show that
adsorption of O2 leads to partial oxidation of the bulk at 25 °C. Finally, while oxidation/reduction cycles do not
significantly affect the O adsorption on Rut, we show that the H2 adsorption varies, which is consistent with a
sintering of the particles after each cycle.

EXPERIMENTAL
1. Materials
All experiments were carried out under dry and oxygen free Ar using either standard Schlenk or glove-box
techniques for organometallic synthesis. For the syntheses and the treatments of the surface species, reactions were
carried out using high vacuum lines (10-5 mbar) and glove-box techniques. H2 (reactants and adsorbates) was purified
over R3-11 BASF catalyst / MS 4 Å prior to use. O2 was dried over MS 4 Å prior to use. Pentane was distilled from
NaK under N2. Elemental analyses were performed at the CNRS Central Analysis Department of Solaize (Ru) and at
the University of Bourgogne, Dijon (C H).
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Two types of catalysts were prepared for adsorption measurements, namely [Rup/SiO2] and [Rup/SBA-15].
Silica (Aerosil Degussa, 200 m2g-1) was compacted with distilled water, calcined at 500 °C under air for 2 h and
treated under vacuum (10-5 mbar) at 500 °C for 12 h and then at 700 °C for 4 h (support referred to as SiO2-(700)).
SBA-15 was prepared from Si(OEt)4 according to literature conditions,[14] calcined at 500 °C under air for 5 h and
then treated under vacuum at 500 °C for 15 h (support referred as SBA-15(500)). The supported Ru particles were
prepared by adapting a literature procedure
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as follows: typically, Ru(COD)(COT)[16] and SiO2-(700) (or SBA-

15(500)) were loaded in a 370-mL reactor, and ca. 3 mL of pentane were added. This mixture was stirred to insure a
homogeneous dispersion of the complex on the support. The solvent was evaporated to dryness, and this procedure
was repeated twice. The solid was finally dried under vacuum (10-5 mbar) for 1 h, yielding a yellow powder. Then,
this solid was loaded in a 470 mL reactor flask at 25 °C, H2 (666 mbar) was added, and the reactor was heated at 300
°C for 24 h. After evacuation of the gas phase at 25 °C, a second H2 treatment under the same reaction conditions was
performed. Finally, the reactor is evacuated under vacuum (10-5 mbar) for 30 min, yielding Rup/SiO2, 0.65 %wt Ru (or
Rup/SBA-15, 1.92 %wt Ru). For all the samples prepared, no carbon is detected by elemental analysis (< 0.1 %wt).
2. XPS
X-ray photoelectron spectroscopy was performed in a KRATOS Axis Ultra DLD spectrometer, using a
monochromated Al Kα x-ray with a pass energy of 20 eV and a coaxial charge neutraliser. The base pressure in the
analysis chamber was better than 5 10-8 Pa. The samples were prepared in a glove-box on an Indium foil sample
holder and transferred into the spectrometer under inert atmosphere.
XPS spectra of Ru3d, C1s, Si2p and O1s levels were measured at a normal angle with respect to the plane of the
surface. High-resolution spectra were corrected for charging effects by assigning a value of 284.6 eV to the C1s peak
(adventitious carbon). Binding energies were determined with an accuracy of ± 0.2 eV. Synthetic components on
Ru3d-C1s were analysed with a Shirley background subtraction and a peak shape with a combination of Gaussian and
Lorentzian (30% Lorentzian).
3. Determination of particle size by TEM
All samples for TEM analysis were prepared from powder samples by dry preparation in a glove box and were
transferred inside a special vacuum transfer holder under inert atmosphere to a Philips CM200 Transmission
Electron Microscope. The acceleration voltage was 200 kV.
4. Determination of particle size by EXAFS
Transmission data were obtained at Stanford Synchrotron Radiation Laboratory on beam-line 11-2. The data
reduction was performed by standard procedures using the programs EXAFSPAK and Athena.[17][18] The background
was removed by fitting a polynomial to the pre-edge of the data such that the post-edge spectrum followed the
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Victoreen function µVic. The reduced sample was loaded in the glove-box in a cell tightly closed with aluminized
mylar windows.
Fitting of the spectrum was done on the k3 weighted data using Artemis/ifeffit.[18, 19] The program FEFF7 was
used to calculate theoretical values for Si, Fi, λi, φi, and φc.[20] The ∆E0 parameter was allowed to vary during fitting of
the EXAFS spectra; for a given fit, ∆E0 was constrained to be the same for all scattering shells. ∆E0 is referenced to
the inflection point of the absorption edge. The value of S02 was determined to be 0.66 by fitting the EXAFS spectrum
of bulk Ru. The fit ranges are given by ∆k and ∆R. ∆k is the range in k-space over which the spectrum can be fit and
is determined by the quality of the data. ∆R is the range in R-space over which the data is being fit ; Rmax and Rmin are
chosen at the points where the spectrum has a minimum at the end and beginning of the range of data being fit. The
number of independent points, Nind, is given by Stern rule, Nind =2+2∆k∆R/π.[21]
5. Adsorption experiments
Adsorption of H2. Chemisorption experiments were carried out at 25 °C using conventional Pyrex volumetric
adsorption equipment.[22] The vacuum (10−6 mbar) was achieved with a liquid nitrogen-trapped mercury diffusion
pump. The equilibrium pressure was measured with a Texas Instrument gauge (pressure range, 0–1000 mbar with an
accuracy of 0.1 mbar). The catalyst sample was placed in a Pyrex cell and out-gassed at 25 °C before applying a
thermal treatment under vacuum at 300 °C for 3 h (ramp of 3 °C/min up to 300 °C), and then the chemisorption
measurements were performed at 25 °C. Reversible adsorption values are measured after out-gassing the samples at
25 °C for 3 h. The oxidation/reduction cycles were performed in a reactor designed to avoid contact of the sample
with the atmosphere. Typically, the sample was reduced under a H2 flow at 300 °C during 3 h, followed by a
desorption at 300 °C for 3 h and an adsorption of H2 at 25 °C. The H/Ru ratios are measured at 25 °C under [0-250]
mbar of H2.
Adsorption of O2. After desorption at 300 °C for 3 h of silica supported particles, previously obtained by
reaction under H2 at 300 °C, adsorption of O2 was performed at 25 °C and higher temperatures, and the O/Ru ratios
are measured at 25 °C under [0-250] mbar of O2.

RESULTS AND DISCUSSION
1. Characterisation of [Rup/SiO2] by XPS
The XPS spectrum of Rup/SiO2 (sample 1) at the Ru 3d level shows a binding energy of the Ru 3d5/2 at 280.2 eV
(Fig. 1), which is consistent with Ru(0)[23] [24] of a totally reduced ruthenium sample, a crucial point for H2 adsorption
measurements.
2. Determination of the dispersion by Transmission Electron Microscopy
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The TEM images of [Rup/SiO2] (sample 2), never exposed to air or O2, show homogeneously dispersed
particles (Fig. 2a) with a narrow particle size distribution centred at 2.0 ± 0.3 nm (Fig. 2b). This is observed
reproducibly with other [Rup/SiO2] samples. Assuming that these particles adopt a hcp structure as for bulk Ru and
small nanoparticles,[25] the dispersion can be estimated to ca. 55 % (Fig. 2c). Note that, when the samples are exposed
to air (before introduction in the microscope as typically done in TEM analysis), the particles are difficult to observe.
This is probably due to the formation of a RuO2 shell around the particles, which induces a loss of contrast. This
could also explain the discrepancies between various reported data (vide supra).
3. Calculation of the dispersion by EXAFS
The EXAFS spectrum of a [RuP/SiO2] sample (Ru 0.9 %wt), its Fourier transform, and their corresponding fits are
shown in Fig. 3. Fitting the EXAFS data, using a model for Ru nanoparticles, gives a contribution of 10 neighbours in
the first 2 shells (1.64-1.67 Å) (Table 1), which is consistent with nanoparticles having a mean size of 2.3 ± 0.7
nm.[26] This result is fully consistent with what is observed by HR-TEM.
4. Hydrogen and oxygen adsorption
First, the adsorption isotherms of H2 (total and reversible) can be calculated assuming a dissociative adsorption
on the surface ruthenium atoms, following the Langmuir law, as described in eq. 1, where Qirr and Qrev are
respectively the amount of hydrogen irreversibly and reversibly adsorbed at room temperature, k is the reversible
adsorption constant and P is the hydrogen pressure, note that Qirr is not sensitive to P.[27]
Qads=Qirr +Qrev.(kP)1/2/[1+(kP)1/2]

(1)

The experimental and calculated values obtained for [Rup/SiO2] are reported on Fig. 4 (sample 2) and Table 2.
The values of H/Rut correspond to extrapolation to infinite equilibrium pressure. Note that no measurable adsorption
occurs on the support alone, and that adsorption of H2 on [RuP/SiO2] reaches rapidly a plateau; these data are
consistent with the absence of spill-over on the support. The silica supported ruthenium particles [RuP/SiO2] adsorb
1.09 H/Rut at equilibrium (Sample 2, Table 2). Considering a dispersion of 55 % (TEM), the stoichiometry is
therefore 2.0 H/Rus. In the case of isotherms of reversible H2, the amount of H adsorbed on Ru is 0.70 H/Rut. which
corresponds to 2/3 of the total amount. These H species correspond to more weakly adsorbed hydrogen on the
surface, which are easily removed by evacuating the sample under vacuum at 25 °C. Note that the value of 2H/Rus is
obtained reproducibly on a wide range of samples prepared at different loadings (0.66-1.92 %wt) using non-porous
([RuP/SiO2] – Samples 1-3) or mesoporous silica ([RuP/SBA-15]).
Second, adsorptions of O2 have been performed (Table 3). At 25 °C, 1.4-1.5 O/Rut were adsorbed irreversibly,
and these values increased with time and temperature to reach the stable values of 1.9 O/Rut after treatment at 200 °C
for 2 h, which is in agreement with the formation of bulk RuO2.
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Finally, the influence of oxidation/reduction cycles on H2 and O2 adsorptions has been studied (sample 2 of
[Rup/SiO2], Table 4). Although the H/Rut ratio decreases from 1.07 to 0.73 after the first oxidation/reduction cycle,
the O/Rut ratio (25 °C) remains almost constant (from 1.39 to 1.52). As further oxidation/reduction cycles are
performed on this sample, the H/Rut ratio slowly decreases while the O/Rut ratio remains constant. This phenomenon
is consistent with a modification of the particles, probably sintering, upon oxidation/reduction cycles.

CONCLUSION
In conclusion, elemental analysis, XPS, EXAFS, TEM and adsorption measurements on [Rup/SiO2] show that:
(1) Fully reduced 2 nm size Ru nanoparticles supported on silica, free of strong ligands, such as CO or Cl-, and
carboneous species, are obtained using a perhydrocarbyl complex as precursor.
(2) Ru particles adsorbs ca. 2 H per surface ruthenium atoms (2H/Rus) on various samples, so that this
technique can be used to measure the dispersion of Ru particles.
(3) O2 is an inappropriate probe for dispersion measurements because of partial oxidation of the bulk even at
25 °C and the modification of adsorption properties upon oxidation/reduction cycles.
Finally, it is also worth pointing out that the H/M stoichiometry (2 H/Rus) is very close to this already obtained
for Pt and Rh particles,[4,

6]

and we are currently investigating the generality of this observation on other metal

particles.
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Table 1. Fitted EXAFS parameters for [Rup/SiO2]a.
Neighbor

Number of Neighborsb

Distance (Å)

σ2 (Å2)

Ru

4.9(3)

2.634(2)

0.0058(2)

Ru

4.9(3)

2.679(2)c

0.0058c

Ru

4.5(4)

3.76(1)

0.008(1)

Ru

1.4(2)

4.4(1)

0.013(2)

Ru

12(2)

4.64(2)

0.0130d

Ru

8(1)

5.06(7)

0.0130d

Rue

3.9(6)

5.30(3)

0.0130d

Fit range: 2 Å-1 < k < 15 Å-1; 1.63 Å < R < 5.87 Å
# of independent points: 37
# of parameters: 11
R_factor: 0.014
a) S02=0.66 (fixed, determined from fitting Ru foil), ∆E0 = -8(1) eV, R = 11(3) Å
b) # of neighbors, N, determined using the formula for nanoparticles: N=N0[1-(3/4)(r/R)+(1/16)(r/R)3], where N0 is
the coordination number for that shell in Ru metal (hcp structure), R is the radius of the particles, and r is the Ru-Ru
distance of that set of atoms.[26]
c) The hcp structure of Ru contains two sets of 6 atoms, which have slightly different bond distances. Only change in
bond distance and the Debye-Waller factor was used in fitting the first two shells.
d) Debye-Waller factor same as for the fourth shell of atoms at 4.4 Å.Shell includes contributions from two multiplescattering paths, which have the same parameters as the single scattering path.
e) Shell includes contributions from two multiple-scattering paths, which have the same parameters as the single
scattering path.
Table 2. H2 adsorption on [Rup/SiO2].
Ru

Qirr (Qrev)

k

/%wt

/mMol.g-1

/mbar-1

Sample

H/Rut

0.0145

[Rup/SiO2]
0.66
Sample 1

0.18

0.96

0.18

1.09

0.50

1.09

(0.017)
0.010

[Rup/SiO2]
0.83
Sample 2

(0.029)
0.032

[Rup/SBA-15]

1.92
(0.072)
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Table 3. O2 adsorption on [Rup/SiO2].
Experimental value
Sample
O/Rut (25 °C)

O/Rut (200 °C)

1.40

-

1.44

1.87

[Rup/SiO2]
Sample 2

[Rup/SiO2]
Sample 3

Table 4. H2 and O2 adsorption on [Rup/SiO2] as a function of the number of oxidation/reduction cycles.
Experimental values
Cycle
Ht/Ru

O/Ru (25 °C)

0

1.07

1.39

1

0.73

1.52

2

0.68

1.46

3

0.58

-
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Figure 1. XPS spectrum of [Rup/SiO2] (purple) at the Ru 3d level with the Ru 3d (red) and C 1s (blue) contributions.

Figure 2. Transmission Electron Microscopy of [Rup/SiO2] (sample 2, 0.83 %wt Ru).a) TEM image at a 20 nm scale.
b) Particle size distribution. c) Determination of the dispersion using idealized hcp structure of ruthenium particles.
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Figure 3. EXAFS spectrum and Fourier Transform of [Rup/SiO2]. Data is black and fit is grey.
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Figure 4. Hydrogen adsorption on [Rup/SiO2] (sample 2).
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Table 5. Fitted EXAFS parameters for [Rup/SiO2]a.
Table 6. H2 adsorption on [Rup/SiO2].

Table 7. O2 adsorption on [Rup/SiO2].
Table 8. H2 and O2 adsorption on [Rup/SiO2] as a function of the number of oxidation/reduction cycles.

Figure 1. XPS spectrum of [Rup/SiO2] (purple) at the Ru 3d level with the Ru 3d (red) and C 1s (blue) contributions.
Figure 2. Transmission Electron Microscopy of [Rup/SiO2] (sample 2, 0.83 %wt Ru).a) TEM image at a 20 nm scale.
b) Particle size distribution. c) Determination of the dispersion using idealized hcp structure of ruthenium particles.
Figure 3. EXAFS spectrum and Fourier Transform of [Rup/SiO2]. Data is black and fit is grey.
Figure 4. Hydrogen adsorption on [Rup/SiO2] (sample 2).
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