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Abstract. The structure of Rh/pumice catalysts prepared by the SMAD (Solvated Metal Atoms Disper-
sion) technique at different metal loadings has been investigated by EXAFS (Extended X-ray Absorption
Fine Structure Spectroscopy), XPS (X-ray Photoelectron Spectroscopy), SAXS (Small-Angle X-ray Scat-
tering), WAXS (Wide-Angle X-ray Scattering) and TEM (Transmission Electron Microscopy). According
to EXAFS and XPS, a fraction of the Rh atoms is oxidised, but a noticeable part is also present as Rh0.
The Rh oxidation is attributed to the interaction of the Rh atoms with the hydroxyls of the support; after
the formation of the oxide, the nucleation of metallic rhodium becomes possible. The WAXS data do not
show evidence of rhodium fcc crystallites; the metal-bearing particles are probably amorphous and/or very
small, as results from the SAXS and TEM data analysis. The disagreement between the latter two tech-
niques, resulting in a small-angle determination of the average size of the particles that is about half that
of TEM in the catalyst with the higher Rh loading, is acknowledged and discussed. Preliminary catalytic
tests are described, demonstrating the suitability of using a low surface area support for the preparation
of SMAD catalysts.

PACS. 61.10.Eq X-ray scattering (including small-angle scattering) – 61.10.Ht X-ray absorption
spectroscopy: EXAFS, NEXAFS, XANES, etc. – 61.16.Bg Transmission, reflection and scanning
electron microscopy (including EBIC)

1 Introduction

Pumice is an amorphous foam produced during volcanic
eruptions. It is constituted mostly of silica and alumina
in relative amounts varying according to the geological
area of origin, and also includes other chemical species,
such as different oxides and water [1]. The pumice powder
has been recently exploited as a support for metal cata-
lysts [2,3]: to this respect, its striking characteristic is the
very low specific surface (about 1 m2/g, by small-angle
X-ray scattering [1]), completely antithetical to what is
usually sought in a catalyst carrier. Despite the small sur-
face area, the mono- and bimetallic catalysts supported on
the pumice of Lipari (Italy) [3,4] display interesting prop-
erties, comparable or even better than the performances of
catalysts supported on conventional carriers. In fact, the
small surface area allows easy transport of reactants and
products, while the high dispersion of the metal phase can
be achieved by suitable synthesis techniques. In particular,
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pumice-supported Pd catalysts prepared by organometal-
lic precursors showed high activity and selectivity in the
hydrogenation of highly unsaturated hydrocarbons [3,5];
this property has been demonstrated to be due to the
effect of sodium-bearing chemical species present in the
support framework [6,7].

Among the noble metal-based catalysts, rhodium sys-
tems are the most widely employed, especially in hydro-
genation [8], hydroformylation [9] and hydrosilylation [10]
reactions. Rhodium catalysts supported on inorganic ox-
ides can be prepared by different techniques such as im-
pregnation with rhodium trichloride [11,12] or anchoring
of Rh dimer complexes to the support oxygens [13]. In
order to obtain a deeper insight into pumice supported
transition metal catalysts, and to exploit a further route
for the achievement of high metal dispersion on low surface
area carriers, we have prepared rhodium-pumice systems
using arene solvated Rh atoms as a source of Rh parti-
cles. Solvated metal atoms, obtained by reaction of vapor-
ised metal with weakly stabilizing organic solvents [14],
are of great interest as homogeneous catalysts [15,16]
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and as suitable precursors for the deposition of active
metal clusters onto a wide range of organic and inorganic
supports [14–20].

As already pointed out in the early studies on these
materials, the organometallic compounds produced by
SMAD (Solvated Metal Atoms Dispersion) are highly
oxygen-sensitive, may be even pyrophoric or form oxidised
species through interaction with the surface hydroxyls [21]
of commonly employed supports such as silica and alu-
mina. In Co–Mn/SiO2 bimetallic SMAD catalysts [21], for
instance, Mn, which is catalytically inactive, has been used
for protecting Co from the direct contact with the support
oxygen moieties.

The structural studies on heterogeneous catalysts [22],
and on SMAD systems in particular, involve different tech-
niques, ranging from spectroscopies to electron microscopy
and X-ray scattering. WAXS on SMAD catalysts usu-
ally give only the information that the supported metal
particles are so small and/or so disordered that no use-
ful diffraction signal can be detected; positive structural
data concerning the immediate surrounding of the cat-
alyst atoms can be provided by EXAFS, while XPS al-
lows further evidences concerning the chemistry of the
investigated compounds. Size and shape of the particles
can be determined by TEM; to the best of our knowl-
edge, no SAXS studies have been carried out on SMAD
catalysts. The above quoted techniques (EXAFS, XPS,
WAXS, SAXS, TEM) are exploited in the present study
and the results contribute to give an overall picture of the
structure of the investigated catalysts and of the interac-
tion of the metal phase with the support.

Finally, preliminary catalytic tests on the hydrosily-
lation of benzonitrile, involving in particular a compari-
son with a rhodium/γ-Al2O3 commercial catalyst and a
rhodium/γ-Al2O3 SMAD system, are also described, to
give a first insight about the suitability of the investigated
Rh/pumice systems.

2 Experimental

2.1 Sample preparation

All the operations concerning the preparation and the ma-
nipulation of the catalysts have been performed under ar-
gon atmosphere.

The pumice powder, of grain size less than 75 µm,
to be used as a catalyst carrier has been boiled in dilute
HNO3 to eliminate the surface impurities and then dried
in an oven and stored in argon. Its specific surface area,
as determined by SAXS [1], is about 1 m2/g, and the ex-
posed OH content has been determined by LiH titration
as 5 ml H2/g. Commercial γ-Al2O3 (AKZO 000-3P prod-
uct, specific surface area of 180 m2/g), dried in an oven
before use, was exploited for the synthesis of a 0.8 wt%
Rh SMAD catalyst, to be used for comparison with the
pumice supported ones.

The rhodium/pumice SMAD samples have been pre-
pared by impregnation of the support with mesitylene sol-
vated Rh atoms obtained by cocondensation of Rh vapour

and mesitylene at 77 K. The stages of the preparation fol-
low the route previously outlined [17,18]. By varying the
quantity of solvated Rh with respect to the support, four
catalysts, indicated as A, B, C, D at the respective metal
loading of 0.80, 0.46, 0.43 and 0.08 wt% (as determined
by an ICP-MS HP4500 mass spectrometer) have been ob-
tained and stored under argon.

The rhodium/γ-Al2O3 sample (0.8 wt%) has been pre-
pared following the same experimental procedure. The
commercial rhodium/γ-Al2O3 sample (3 wt%) is supplied
by Engelhard. Benzonitrile (Aldrich product) was distilled
from sodium metal. Trimethylsilane was prepared by re-
action of trimethylchlorosilane and lithium aluminun hy-
dride according to the literature [23].

2.2 X-ray absorption

The pumice supported samples were prepared for the EX-
AFS experiments by suspending the fine powder of the
samples in ethanol 99.99% and depositing it on milli-
pore membranes under N2 atmosphere to avoid any ox-
idation coming from air contamination. The samples have
been enveloped with a kapton film. The EXAFS measure-
ments at the Rh K-edge (25.315 keV) were performed
at the European Synchrotron Radiation Facility (ESRF)
on the Italian beamline GILDA. The monochromator op-
erated with Si(311) crystals in dynamical sagittal focus-
ing mode [24,25]. The energy resolution and flux were
approximately 2 eV and 1010 photons/s on the sample.
Harmonic rejection was performed by using Pt mirrors as
a low pass filter (energy cut-off at ∼ 27 keV). Two ref-
erence samples (α-Rh2O3 powder and Rh foil) and the
above described four SMAD Rh/pumice catalyst samples
were examined. All EXAFS measurements were performed
at room temperature. The reference samples were mea-
sured in transmission geometry using two Ar filled ion-
isation chambers to detect the incident (I0) and trans-
mitted (It) beam. The experimental absorption signal is
defined as µ(E) = ln(I0/It). The EXAFS measurements
on SMAD Rh/pumice catalyst were performed in the flu-
orescence geometry, which is the most suitable in the case
of low concentration and/or highly dispersed samples, un-
der 10−4 torr vacuum. The fluorescence signal (If) was
detected using a large area Si PIN diode and the absorp-
tion signal was calculated as: µ(E) = If/I0.

2.3 X-ray photoelectron spectroscopy

The X-ray photoelectron analyses were performed with a
VG Escalab 200 (Vacuum generator Ltd., UK) equipped
with an aluminum anode as a unmonochromatised X-
ray source (1486.6 eV) run at 20 mA and 15 kV. The
spherical sector analyser was operated in fixed analyser
transmission (FAT) mode with a pass energy of 20 eV
set across the hemispheres for the high resolution spec-
tra. The instrument calibration procedure was described
previously [26]. Sample charging was constant during the
analysis so that the energy shifts could be compensated



A. Balerna et al.: Structural characterization of Rh/pumice SMAD catalysts 579

for by referencing all the spectra to the binding energy of
the C1s signal component set at 285.0 eV. The binding
energy values reported here are averages of two measure-
ments whose reproducibility was ±0.1 eV. All the spectra
were obtained in the digital mode using the Eclipse soft-
ware running on a IBM 486. The spectra were resolved into
their Lorentzian and Gaussian components after subtrac-
tion of a linear background. The residual pressure during
the data acquisition was of the order of 10−9 torr. Sam-
ples have been analysed as pellets. Exposure to air was
minimised by handling the samples inside a glove bag un-
der argon. XPS measurements were also carried out on
the sample used for the EXAFS measurement in order to
control the effect of the EXAFS sample preparation pro-
cedure.

2.4 X-ray scattering

The SAXS and WAXS patterns were recorded on an in-
strument consisting of a Philips PW1830 X-ray generator
providing CuKα, Ni filtered (λ = 1.5418 Å) linear beams
for both an Anton Paar Kratky compact camera equipped
with step scanning motor and scintillation counter and
a Philips PW1820 vertical goniometer working in the θ–
2θ geometry with step scanning motors and proportional
detector. Seven SAXS patterns, in the h-range (0.006–
0.6) Å−1 (h = 4π sin(θ)/λ, 2θ is the scattering angle, λ
the incoming wavelength), for an overall counting time of
about one day per sample, were recorded with the Kratky
camera and summed up; the measurements were carried
out under vacuum at 10−2 torr; the data were scaled in ab-
solute units per unit volume by a procedure exploiting the
moving slit device [27]. The support SAXS data were col-
lected under the same conditions. Accurate WAXS mea-
surements have been performed as well with the PW1820
goniometer: the catalysts and support patterns have been
recorded in the 30–90◦ 2θ range with steps of 0.05◦ in ten
different runs for an overall counting time of more than
three days per pattern. Both the SAXS and WAXS differ-
ent runs did not show any evident structural modifications
occurring in the samples in the course of the experiments.

2.5 Transmission electron microscopy

Electron micrographs of the samples A and B were ob-
tained by a Jeol 2000EX TEM microscope equipped with
polar piece and top entry stage. Before the introduction
in the instrument, the samples, in form of powders, were
ultrasonically dispersed in isopropyl alcohol, and a drop
of the suspension was deposited on a copper grid covered
with a lacey carbon film.

3 Results

3.1 EXAFS

In Figure 1 the EXAFS spectra of the four SMAD samples
are reported. The data show good signal to noise ratio

Fig. 1. Experimental EXAFS data for SMAD Rh/pumice cat-
alysts. It must be noted that no appreciable difference occurs
between the highest concentration sample (A) and the lower
concentration one (D).

Fig. 2. FT of the EXAFS data of reference samples and of the
SMAD catalysts. Dashed lines carefully compare the positions
of the two kχ(k) FT peaks of SMAD catalysts with those of
nearest neighbors in reference samples.

despite the low Rh concentrations. Figure 2 reports the k-
weighted Fourier Transforms (FT) of the two reference and
of the four catalyst samples. The FT of Rh foil is typical
of a fcc structure. The FT of Rh2O3 presents only two
peaks: the first is relative to the Rh–O first shell distance,
the second is due to Rh–Rh and Rh–O next neighbours’
contributions. In the FT of SMAD data it is evident that
the first peak corresponds to the position of Rh–O peak in
Rh2O3, while the second coincides with the first Rh–Rh
peak of the metal foil.
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The EXAFS signal is given by the oscillations superim-
posed onto the smooth total atomic absorption coefficient
µ0 and is defined as:

χ(k) =
µ(k)− µ0(k)

µ0(k)
(1)

where

k =

√
2m
~2

(E −E0) (2)

is the modulus of the wave-vector of the photoelectron
and E0 the energy value corresponding to the maximum
derivative at the absorption edge.

EXAFS is a powerful method to probe the local struc-
ture around the absorbing atom either for crystalline or for
amorphous materials and standard data analysis methods
are well established. Such standard methods are based on
the Single Scattering (SS) approximation, which assumes
the photo-electron is scattered only once by the surround-
ing atoms before interfering with the primary wave, and
on the Fourier Filtering (FF) technique, which allows sep-
arate investigation of the EXAFS contributions of the dif-
ferent coordination shells [28]. A preliminary and qualita-
tive data analysis using the standard approach evidenced,
as already shown in Figure 2, two peaks in the FT of
Rh/pumice SMAD catalyst: the first one, due to Rh–O,
is at 2.04 Å, while the second, ascribed to Rh–Rh, lies at
2.68 Å.

A quantitative and more detailed analysis was carried
out using the approach based on the GNXAS package
[29,30]. This approach is very suited to studying dis-
ordered materials, since it correlates the experimental
spectra with the n-body correlation functions in a di-
rect way [29,30]. In these calculations the local atomic
arrangement around the absorbing atom is decomposed
into model atomic configurations containing only two,
three, . . . , n atoms. For each configuration the atomic
phase shifts are calculated using the most opportune ex-
change and correlation potentials in the muffin-tin ap-
proximation. The contributions to the EXAFS signal are
expressed in terms of irreducible n-body “γ(n)” contribu-
tions which are calculated considering the effects of all
the possible single and multiple scattering (MS) paths be-
tween the n-atoms. The theoretical structural signal χ(k)
is given by the sum of the γ(n) contributions:

χ(k) =
∑
n

γ(n). (3)

Multiple scattering effects are negligible in the SMAD cat-
alysts, nevertheless GNXAS uses a rigorous fitting proce-
dure directly on the experimental data [29,30] and carries
out a detailed error analysis on fitting parameters to ob-
tain a good confidence on the final results.

GNXAS was first of all applied to the reference sam-
ples. Starting from Rh2O3 and Rh-foil crystalline model
γ(n) functions, relative to all the possible scattering and
MS paths up to about 6 Å were generated. The use of com-
plex Hedin-Lundqvist potentials allowed a correct inclu-
sion of the effects due to inelastic losses. Figure 3 reports

Fig. 3. Best fit results and γ(n) contributions for Rh2O3 (left
panel) and the Rh foil (right panel).

Table 1. EXAFS structural parameters obtained fitting the
reference samples experimental data.

α-Rh2O3 Rh-foil

NRh–O 6.0 (0.3) N1 12.0 (0.3)

RRh–O (Å) 2.04 (0.02) R1 (Å) 2.68 (0.02)

σ2
Rh–O (10−3 Å2) 3.0 (0.2) σ2

1 (10−3 Å2) 2.8 (0.2)

NRh–Rh 3.0 (0.2) N2 6.0 (0.2)

RRh–Rh (Å) 3.01 (0.02) R2 (Å) 3.75 (0.02)

σ2
Rh–Rh (10−3 Å2) 9.0 (0.3) σ2

2 (10−3 Å2) 5.5 (0.3)

NRh–O 3.0 (0.2) N3 24.0 (0.4)

RRh–O (Å) 3.47 (0.05) R3 (Å) 4.67 (0.02)

σ2
Rh–O (10−2 Å2) 2.0 (0.3) σ2

3 (10−3 Å2) 7.5 (0.3)

N4 12.0 (0.3)

R4 (Å) 5.36 (0.03)

σ2
4 (10−3 Å2) 5.7 (0.3)
θ (◦) 178 (2.0)

the best fit results obtained on the Rh foil and α-Rh2O3

data together with all the γ(n) contributions employed.
In the lower part the residual of the best fit is reported.
The experimental kχ(k) of rhodium oxide was well re-
produced by using only three single scattering contribu-
tions (γ(2)) relative to 6 oxygen atoms at 2.03 Å, 3.2 Rh
atoms at 2.98 Å and 3 oxygen atoms at 3.4 Å. To repro-
duce the kχ(k) of the Rh foil, due to the focusing effect
which enhances the multiple scattering contribution to the
fourth fcc shell, beyond three γ(2), also a γ(3) contribution
was used. Best fit parameters are reported in Table 1.
The N values indicate the coordination numbers, R the
interatomic distances and σ2 the EXAFS Debye-Waller
factors. The analysis of the reference samples allowed to
determine and fix parameters as S2

0 (at 0.87), correlated
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Table 2. Structural parameters obtained by fitting the SMAD catalysts experimental data.

Samples

A B C D

NRh–O 2.8 (0.3) 2.6 (0.3) 2.9 (0.3) 3.0 (0.3)

γ
(2)
1 RRh–O (Å) 2.04 (0.03) 2.04 (0.02) 2.04 (0.03) 2.04 (0.03)

σ2
Rh–O (10−3 Å2) 1.6 (0.3) 2.7 (0.3) 2.1 (0.3) 2.2 (0.3)

NRh–Rh 1.4 (0.3) 1.5 (0.5) 1.0 (0.2) 1.0 (0.2)

γ
(2)
2 RRh–Rh (Å) 2.68 (0.03) 2.68 (0.02) 2.68 (0.03) 2.68 (0.03)

σ2
Rh–Rh (10−3 Å2) 7.0 (0.3) 8.4 (0.4) 6.4 (0.5) 6.5 (0.5)

Fig. 4. Experimental kχ(k) data (dots) and best fits of SMAD
Rh/pumice catalysts with the γ(n) contributions used and the
residual functions.

to the coordination numbers, and the edge energy, E0 (at
23.315 keV), correlated to the interatomic distances.

SMAD catalysts data were fitted in the k-range 3.5–
12 Å−1. Figure 4 shows experimental (dots) and theo-
retical EXAFS data together with the γ(n) contributions
used in the best fit. The residuals of the best fits are also
reported. Best fit parameters are summarised in Table 2.
Figure 5 shows the FT of the experimental data (dots) and
of the best fits (full lines). The statistical errors on param-
eters were evaluated by the dimension of the ellipse which
encloses, in the parameter space, χ2 values with a con-
fidence of 95% [29]. All the catalysts’ EXAFS data were
well fitted using only two γ(2) contributions representing
Rh–O and Rh–Rh correlations whose R-values are respec-
tively equal to those found for Rh2O3 and Rh foil (Tab. 1).
The Rh–Rh contribution at 2.98 Å, which is typical of the
Rh2O3, was rejected by the fitting routine.

The coordination numbers, NRh–O ∼ 3 and NRh–Rh ∼
1.5, are clearly different from those found in the reference
samples. Since the Rh atoms are present in two differ-
ent states (oxide and metal) a simple application of the
EXAFS formula cannot give the true Rh–O and Rh–Rh
coordination numbers, that could be obtained by weight-

Fig. 5. Comparison of kχ(k) FT for the experimental data
(dots) and best fits (full line).

ing the calculated ones by the fractions of metallic and
oxide phases.

3.2 XPS

In Figure 6 a typical Rh 3d spectrum of the B sample is
shown. The spectrum, formed by the two spin orbit com-
ponents 3d5/2 and 3d3/2, is characterised by two doublets
corresponding to two different chemical states of rhodium.
The position of the 3d5/2 lines, at 307.4 eV and 309.3 eV
are typical of a metallic state and of a highly oxidised
state, respectively [12]. From the area measurements of
the peaks the ratio of the oxidised form to the metal is
approximately 2 to 1.

3.3 X-ray scattering

The log-log plots of the SAXS patterns of the catalysts and
of the support, scaled in electronic units, are reported in
Figure 7. It can be observed that the pumice small-angle
pattern shows in the central part a h−3 slope and from
h > 0.2 a slightly increasing intensity that is probably



582 The European Physical Journal D

303 307 311 315 319

Binding Energy (eV)

In
te

ns
ity

 (
ar

b.
 u

ni
ts

)
Rh 3d 5/2

Rh 3d 3/2

Fig. 6. Rh 3d photoelectron spectra of the B sample. The fitted
curve (smooth solid line) is the sum of the 3d5/2 and 3d3/2 Rh
lines; the metal (dashed) and oxide (dotted) components are
shown.

h (Å-1)

.01 .1

In
te

ns
ity

 (
e.

u.
/ Å

4 )

1

10

100

1000

10000

pumice
sample D
sample C
sample B
sample A

Fig. 7. SAXS curves of the carrier and of the four Rh/pumice
SMAD catalysts.

due to the tail of the wide-angle intense diffraction halo
typical of amorphous alumino silicates [1].

The most evident feature of the three catalysts with
higher Rh content is the shoulder that begins at h ≈ 0.1
and extends up to the highest measured h values; also
the least concentrated sample exhibits in this h range a
small angle scattering clearly different from the support
one. On the other hand, the central part of the catalysts
SAXS curves resembles the support one. Therefore, it is
conceivable that also in the catalysts the carrier scat-
tering is mainly given by a Porod term plus a constant
background. Recently, the support scattering has been
separated by exploiting anomalous SAXS [31,32]; this
technique allowed, for carbon-supported metal catalysts,
the experimental separation of the carrier scattering and,
as a consequence, the determination of the size distribu-
tion of the metal particles.

In this study an approach similar to the latter quoted
one [33] led, on the assumption of non-interacting spher-
ical particles, to the determination of their size distribu-
tion. A library of calculated patterns I(ri, h) has been cre-
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Fig. 8. Fitting of equation (4) to the SAXS data of sample A in
the (0.04, 0.6) h interval. The fitted total curve (solid line), the
carrier intensity (dashed line), and the Rh particles scattering
(dash-dotted line) are shown.

ated, corresponding to spherical particles of radii ri rang-
ing from 3 to 31 Å with a step ∆r = 0.5 Å and taking into
account the smearing effect due to the finite height of the
collimation and detector slit [34]. The smeared calculated
intensity per unit volume is given by:

I(h) = αh−3 + β + wRh

∑
ri

γiI(ri, h) (4)

where the first two terms account for the support scatter-
ing and the last one is the weighted sum on the library
of calculated patterns. The parameter wRh is the over-
all weight of the Rh phase with respect to the support
scattered intensity and takes into account also the excess
scattering density of the Rh particles. The γi weights,
corresponding to a lognormal size distribution [33], are
given by:

γi ∝
1√
2π

1
σ

∆r

ri
exp

[
− ln2(ri/r0)

2σ2

]
(5)

where r0 is the median and σ the shape parameter; the γi
values are dimensionless numbers, giving the frequency of
the ri cluster. The proportionality symbol in equation (5)
allows for the γi normalization that is achieved by dividing
by their sum.

The α, β, wRh, r0 and σ parameters have been de-
termined by least squares fitting of equation (4) to the
SAXS data in the (0.04, 0.6) h-interval. A representative
fitting result is reported in Figure 8 for the A sample and
the overall results for the A, B and C samples are sum-
marised in Table 3; the SAXS analysis performed on the
D sample did not give reliable results, likely owing to the
very small metal amount. In Figure 9 the γ values corre-
sponding to the other three samples are drawn; the nor-
malization factor is almost equal to one (0.999 7 in the
worse case, sample A). From inspection of Table 3 and
Figure 9, it is possible to see that, according to the SAXS
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Table 3. Parameters relative to the Rh/pumice A, B, C sam-
ples, as determined by the fitting of equation (4) to the respec-
tive SAXS data.

r0 (Å) σ wRh (×10−6) α (×10−3) β

(eu/Å9) (eu/Å) (eu/Å4)

A 6.66(1) 0.036(4) 1.05(3) 1.01(1) 1.47(3)
B 6.6(2) 0.08(4) 0.55(1) 0.88(2) 1.39(2)
C 6.06(5) 0.14(2) 0.55(3) 0.85(1) 1.8(1)

r (Å)

2 4 6 8 10

γ(
r)

0

1

sample A
sample B
sample C

Fig. 9. γ weights relative to the r0 and σ parameters of equa-
tion (5), as determined by the fitting of equation (4) to the
SAXS data of the A, B and C samples, respectively. The γ val-
ues are drawn, for a clearer view, as continuous γ(r) functions.
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Fig. 10. WAXS patterns of the carrier (bottom) and of the A
sample (top line).

analysis, there is a slight increase of the average particle
size with the metal loading, whereas the width of the size
distribution becomes narrower. The variation of the over-
all metal weight wRh is in agreement with the chemical
analysis.

Fig. 11. TEM micrograph relative to sample B.

Fig. 12. TEM micrograph relative to sample A.

In Figure 10 the WAXS pattern of the A sample is re-
ported. It is clear that no crystalline peak can be observed
and therefore that crystalline particles, if any, either ox-
ides or metallic fcc, are on the average very small (less
than 20 Å) and probably disordered.

3.4 TEM

Figure 11 reports a TEM image of sample B. The pumice
surface appears densely populated by small supported par-
ticles, quite homogeneously distributed onto the carrier. In
the case of sample A, which contains higher amounts of
Rh, supported particles appear slightly larger in size and
more densely distributed on the support (Fig. 12). Fur-
thermore, a few large structures are present, produced by
agglomeration of several particles.
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Fig. 13. Histogram relative to the size distribution of sam-
ple B, as determined by the analysis of the relevant TEM mi-
crograph.
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Fig. 14. Histogram relative to the size distribution of sam-
ple A, as determined by the analysis of the relevant TEM mi-
crograph.

Histograms of the metal particle size distribution
were obtained by counting onto the micrographs at least
300 particles, and the mean particle diameter (dm) was
calculated by using the formula dm =

∑
dini/

∑
ni, where

ni was the number of particles of diameter di. The count-
ing was carried out on electron micrographs taken at
150 000 magnification, where Rh particles well contrasted
with respect to the support were clearly detected. In this
condition the uncertainty in the measurement of the size
of the supported particles was ±3 Å. Histograms of the
supported particles size distribution (SPSD) for sample B
and A, respectively, are reported in Figures 13 and 14.
For sample B, containing a lower loading of Rh, the
SPSD is centered at lower values, and a mean diameter
dm = 17 ± 3 Å was calculated (Fig. 13). In the case of
sample A, an overwhelming fraction of Rh-bearing parti-
cles with size in the 20–35 Å range was observed, resulting
in a mean diameter dm = 27±3 Å (Fig. 14). Noticeably, in
both cases very small supported particles (less than 15 Å
in size) are present, their relative amount being quite im-
portant (ca. 25%) for sample B.

Table 4. Hydrosilylation of benzonitrile with HSiMe3 catal-
ysed by Rh systemsa.

Catalyst Conv. Product

(Rh wt%) (%) distribution (%)

1 2

Rh/pumice

(0.8%)
100 100 –

Rh/γ-Al2O3

(0.8%)
80 100 –

Rh/γ-Al2O3 comm.

(3%)
30 5 95b

aReaction conditions: nitrile (9.8 mmol); hydrosilane
(49 mmol); Rh (0.1 mg atom); T = 100 ◦C; time = 5 h.
bMixture of oligomers.

3.5 Catalytic tests

The catalytic tests on the Rh/pumice systems are be-
ing carried out. Preliminary experiments indicate that the
above systems are able to promote the catalytic hydrosily-
lation of aromatic nitriles to N, N-disilylamines in unusual
high yield. The results obtained in the hydrosilylation of
benzonitrile with trimethylsilane using SMAD-prepared
Rh/pumice and Rh/γ-Al2O3 catalysts and a commercial
Rh/γ-Al2O3 sample are reported in Table 4.

4 Discussion

4.1 Chemical environment of Rh

The conclusion of the EXAFS analysis is that in all the
SMAD samples the Rh atoms are part in a highly ox-
idised state, probably Rh+3, according to EXAFS and
part in a metallic Rh0 state. The XPS analysis performed
on sample B confirms that rhodium can be found in the
Rh+3 state (but also Rh+4 cannot be excluded [12]) or in
the metallic one. The ratio of 2:1 found for the relative
abundance of the two states cannot be used to determine
the real coordination numbers in the EXAFS analysis be-
cause XPS is more sensitive to the surface composition,
whereas EXAFS is a bulk technique. However, it is worth
noticing that the XPS analysis performed on the specifi-
cally prepared sample and on the EXAFS one gave simi-
lar results, confirming that the Rh oxidation did not take
place during the manipulations for the EXAFS experi-
ments.

The Rh–O and Rh–Rh bond lengths found by EXAFS
in the present study are not very different from the values
found by Martens et al. [35]; the coordination numbers
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are also similar. In the above quoted paper the oxida-
tion process of Rh/Alumina samples that were initially
reduced in hydrogen flow at 623 K was followed by in situ
EXAFS. The reduction process is rather drastic, so that
only a weak interaction of Rh with the support oxygens
and a preponderant metal phase was seen. Afterword, the
samples were oxidised by oxygen flow and a Rh–O dis-
tance similar to ours was detected. On the contrary, the
reduction process in the Rh/pumice SMAD samples is in-
deed very mild, consisting merely of the solvent molecules
stripping by vacuum pumping. The bare Rh atoms that
are produced by this process are very reactive (as it is also
demonstrated by the Rh/mesitylene solid residue on the
reactor walls, that, in presence of air, develops a highly
esothermic reaction) and are responsible for the forma-
tion of the rhodium oxide phase by a strong interaction
with the support. The metal particles likely grow on this
interlayer. The mechanism has been already acknowledged
by Tan et al. [21] who used Mn as a sacrificial species to
build up the interlayer between cobalt (the real catalyst)
and the silica support.

4.2 Structural aspects

The absence of peaks in the WAXS patterns point to the
presence of a highly dispersed Rh phase, with particle
size less than 20 Å, in the investigated Rh/pumice cat-
alysts. On a more quantitative ground, the analysis of the
SAXS patterns gives values of about 6–7 Å for the radii
of the supported metal-bearing particles corresponding to
the three catalysts with higher Rh content. The compar-
ison between the TEM results (Figs. 13 and 14) and the
SAXS ones (Tab. 3 and Fig. 9) evidences that, whereas the
agreement between the two techniques is good enough for
sample B, different size values are given for sample A. A
previous structural study on Pd/pumice catalysts, involv-
ing as well the SAXS-TEM comparison [36], gave satisfac-
tory results for a low-metal content sample, whereas the
discrepancy was severe for a sample showing aggregation
of the metal particles. In fact, as demonstrated also by
other studies [37], TEM suffers from a lack of resolution
power in dealing with aggregated particles. In the above
quoted paper, for instance, disagreement with EXAFS
was recognised when the number of Rh–Rh neighbours
in polymer-protected Rh clusters was related to the aver-
age particle size. The Rh/pumice SMAD samples probably
give further trouble with TEM, because the electron beam
can produce, as for other SMAD systems [38], merging of
neighbouring particles. Being aware of this possibility, the
electron beam intensity was kept as low as possible, but it
cannot be excluded that some sintering (and even some re-
duction of the oxide phase) has been produced, especially
in the higher content Rh sample.

In agreement with the EXAFS results that do not evi-
dence remarkable structural differences between the inves-
tigated samples, the SAXS indicates that there is only a
slight increase of the average particle size with the metal
loading. Therefore, taking into account that TEM also re-
ports for the presence of the small particles detected by

SAXS, it could be conceived that in the analysed h range
SAXS puts into evidence the primary Rh particles, that
are very small (6–7 Å radius) and partly agglomerated
to constitute larger ones, best seen by TEM. The most
evident SAXS signal from the Rh phase lies at relatively
high values of momentum transfer (Fig. 7), correspond-
ing therefore to higher resolution. Probably, at smaller h-
values, the SAXS pattern should show the scattering of the
aggregates as a whole particle, but this range couldn’t be
reliably analysed, due to the overwhelming support scat-
tering. The presence of small Rh particles despite the Rh–
Rh distance not differing from that of the Rh bulk, is in
agreement with previous works [37,39].

It is not possible to exclude that the metallic and ox-
idised Rh particles are distinct and/or characterised by
different size and shape; however, according to the above
reported considerations on the chemical environment of
the Rh atoms, it looks feasible that the Rh-bearing parti-
cles are oxidised in contact with the carrier and afterword
continue as metallic. Electron diffraction analyses, carried
out in order to establish the metallic or oxide nature of the
observed particles, were too poorly defined to get reliable
information about this point.

It is hard to get from the EXAFS analysis the real coor-
dination numbers, that could give an indication about the
size of the metallic and oxidised domains, because the cal-
culated ones, reported in Table 2, should be corrected by
the respective relative amounts of the two phases. Martens
et al. [35] gave a range of values for the corrected coordi-
nation numbers by assuming that the oxidised Rh phase
have four to six oxygens at about 2.05 Å. If, by a somewhat
reversed approach, we consider for the first shell real coor-
dination numbers of the metallic domains a range of values
from 12 (corresponding to huge particles) to 4.5 (Rh clus-
ters of 3 Å radius, according to the recently proposed [40]
bond model for spherical clusters), we get metallic phase
fractions ranging, for the B sample, from 0.13 to 0.33. The
upper limit corresponds to the value afforded by the XPS
analysis for the B sample. Taking into account that XPS
is a surface technique, and that the allowed coordination
number interval is fairly wide, it looks reasonable to argue
that the metallic phase lies mostly at the exterior of the
supported rhodium particles.

4.3 Catalytic activity

From inspection of the results reported in Table 4, it can
be seen that the Rh vapour derived catalysts are largely
more active than the commercial sample giving the hy-
drosilylation product with complete selectivity. The com-
mercial sample shows a very poor activity and selectiv-
ity, affording prevalently a complex mixture of oligomers
as main reaction products. It is worth noting that the
Rh/pumice catalyst is slightly more active than the cor-
responding Rh/γ-Al2O3 sample indicating that the small
area of the support is not detrimental for the reactivity; on
the contrary it could facilitate a more favourable exposure
of the catalytic sites.
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5 Conclusions

In this study a thorough structural characterization of
Rh/pumice SMAD catalysts have been carried out. The
exploited spectroscopic techniques agree that a good deal
of the Rh atoms have been oxidised as a consequence of
the supporting route. The hypothesis that the oxidation is
due to the interaction with the available hydroxyls of the
support, already put forth for other SMAD systems [21],
is corroborated by the comparison between the XPS and
the EXAFS results. The formation of rhodium aluminates
and/or silicates at the Rh/pumice interface could be con-
ceivable. All the structural evidences point to very small
and, probably, disordered Rh-bearing particles. SAXS and
TEM give not very different values of particle sizes for the
sample B, whereas the discrepancy is more pronounced,
and critically analysed, for sample A.

The high selectivity of the Rh/pumice systems mir-
rors that of Pd/pumice catalysts [3,5] and the specific
activity, that looks likely to be comparable with that of
a Rh/γ-Al2O3 SMAD sample and definitely higher than
a commercial one, constitute a further confirmation that
the low surface area is not detrimental, in the presence of
efficient dispersion techniques, for the preparation of good
catalysts.
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