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A novel method for preparing supported rhodium catalysts
using organometallic chemical vapor deposition (OMCVD)
has been developed. Vapor of a rhodium complex is brought
into contact with silica in a fluidized bed in a special reactor
designed to work under reduced pressure (50-100 Torr).
Introduction of small amounts of dihydrogen allows rhodium
to be deposited at low temperature (100°C); small aggregates
(1-2 nm) and high dispersions (0.95-0.70) are obtained. Three
convenient precursors, [Rh(u-CIXCO),},, [Rh(7-C;H;);], and
{Rh(acac)CO),], have been used, owing to their suitable
vapor pressures under experimental conditions. Physicochemi-
cal investigations have shown that such deposits are character-
ized by pure, crystallized rhodium particles. X-ray photoelec-
tron spectroscopy experiments carried out on planar supports
(substrates) confirmed the presence of Rh(0) on the surface;
near the interface, Rh(I) and Rh(III) centers have been
detected, presumably covalently bound to the support. Several
homogeneous as well as heterogeneous steps in the reaction
mechanism have been shown to be present by monitoring the
deposition by mass spectrometry and by infrared spectroscopy.
These catalysts display a greater activity for hydrogenation
than the corresponding catalysts prepared by the conventional

impregnation procedure. © 1995 Academic Press, Inc.

INTRODUCTION

Usually, impregnation is the main way to prepare sup-
ported metal catalysts, but this method requires several
steps including reductions and oxidations at high tempera-
tures. Generally, such methods provide dispersions around
0.6 and aggregate sizes near 3 nm. Recently methods (1-7)
have been developed for the preparation of smaller particle
sizes. For instance, decomposition of fullerene rhodium
complexes at 550°C gives rise to very small crystallites
of composites containing large amounts of rhodium (1).
Photodecomposition of rhodium complexes in solution can
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lead to well-dispersed rhodium particles (2-4 nm) on silica
or 3-FeOOH supports with loads near 2% w/w (2). Arai
et al. (3) have investigated the use of sodium tetrahydro-
borate solutions at room temperature to reduce platinum
precursors dispersed on alumina. They report a Pt/Al,O;
catalyst with particle sizes near 1 nm.

We have investigated the potentiality of the organome-
tallic chemical vapor deposition (OMCVD) method for
the preparation of noble-metal-supported catalysts from
suitable precursors (8). Very recently, three papers have
appeared describing a two-step preparation of catalytic
materials. Dossi and co-workers (9, 10) have prepared
some Pd and Pt/zeolite catalysts. The decomposition tem-
perature of the precursors ranged between 100 and 280°C
and the size of the metallic particles was reported to be
1.5 nm. It was also shown that [Ni(CO)4} can be deposited
on activated carbon in a fluidized bed and in a second step
can be decomposed at 250°C in a dinitrogen atmosphere;
very large particles were obtained by this process (11). In
a similar way, Kohler er al. (12) have obtained Pt/SiO,,
Pt/ AL, O3, or Pt/TiO, catalysts starting from Pt(acac),, with
dispersions ranging from 0.4 to 0.7 depending on the nature
of the support and the metal loading.

Our objective was to obtain highly dispersed crystallites
having a very small size and corresponding to 1-2% sup-
ported rhodium (w/w). We have produced deposits, whose
full characterization is reported, that consist of 1- to 2-nm-
sized particles, corresponding to dispersions of 0.7-0.95.

EXPERIMENTAL

Supported Rhodium

The silica support (Sipernat 22), generously provided by
Degussa, was sieved between 100 and 200 wm in order that
the fluidized bed should be as homogeneous as possible.

The rhodium complexes were prepared according to
the published procedures (13, 14) for [Rh(n’-Cs;Hs)s)
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Schematic diagram of the reactor.

(denoted 2) and [Rh(CO),(acac)] (denoted 3) and ac-
cording to a new method developed in the laboratory
for [Rhy(u-Cl),(CO),s] (denoted 1). Carbon monoxide
was bubbled in a solution of 80 ml of methanol containing
4 g of RhCl;-3H,0 at 65°C. The red solution gradually
turned pale yellow. The reaction, which generally requires
15 h, was monitored by infrared spectroscopy and was
stopped as soon as the vco band of [RhCly(CO)(MeOH)]"
at 2105 cm™! disappeared completely and only the two
vco bands of [RhCL(CO),]” at 2070 (vs) and 1994 (vs)
cm™! were present in the infrared spectra. Then the
heating was stopped and methanol was evaporated by
introducing a gentle stream of dinitrogen. Complex 1
was formed with very small amounts of black rhodium.
Dissolution in hexane and crystallization at —25°C pro-
duced 1 with a 90% yield. We observed that use of
ethanol (15) led to greater amounts of black rhodium
at the expense of reduced yield.

The general procedure for preparing Rh/silica catalysts
is the following. A mass M, of the rhodium complex was
introduced as a powder in the sublimator (Fig. 1), where
helical shells of glass were added to obtain a good carrier
gas/solid exchange area. A mass Ms of grains of support
(silica, for instance) was poured into the column.

The apparatus was placed under reduced pressure (0.1
Torr; 1 Torr = 133.33 N m~2) for 1 h. The temperature of
the bed was maintained at 100°C to remove the water
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physisorbed on the support; the temperature of the subli-
mator was kept at 0°C. Then the bed was heated to temper-
ature 7}, and the pressure in the column was adjusted to
the value P, by the introduction of the carrier gas. The
sublimator was plunged into a warm bath at temperature
Ts and the gas flows (@, for the carrier gas and Q, for
the reactive gas) were adjusted, a dynamic vacuum being
maintained to keep the pressure at the value P,. The depo-
sition and the experiment duration was 4. The molar ratio
of the sublimated precursor to the total gas was x. At the
end of the deposition, the temperature was slowly de-
creased (1 h) to ambient conditions. The vacuum and the
gas flows were stopped and a slow dinitrogen or air stream
(25 sccm) was flowed into the apparatus until it reached
the ambient pressure. The nonsublimated precursor was
recovered. The catalyst was removed from the column and
was used without any further treatment.

As an example, a 1% Rh/SiO, catalyst was prepared
from complex 1 with the following parameters: M, = 1 g,
Ms =5¢ T, = 100°C, T5 = 52°C, P, = 50 Torr, Q, = 35
sccm, O, = 8.5 scem, g = 2.5 h,and x = 9 X 1074

Vapor Pressure Measurements

The apparatus for the measurement of the vapor pres-
sures of solids having a low volatility by a static method
in the range 1072-100 Torr and 30-300°C is described else-
where (16). The method consists in inserting a membrane,
maintained in equipressure by a suitable control loop be-
tween the pressure gauge and the product to be tested.

Determination of the Rhodium Content

After dissolution of rhodium in aqua regia, the rhodium
content of the samples was measured by both atomic ab-
sorption spectrophotometry (Perkin—Elmer 3050) and ICP
(Spectrometer IL 100). All these analyses were carried out
by the Comptoir Lyon-Alemand-Louyot. Results obtained
by these two methods were in good agreement.

Surface Area and Chemisorption Measurements

Surface area (BET) measurements were performed on
an automatic Coultronic apparatus (Accusorb 2100E)
monitored by a Hewlett—-Packard computer (HP86B).
Analyses (50 mg powder) were made by measurement of
the gas volume (N,) adsorbed on the powder.

Chemisorption measurements were carried out using the
equipment already described (17, 18). Although the stoi-
chiometric ratio of one CO per rhodium atom, as generally
assumed, is not rigorously exact for particle sizes below 2
nm, the results for mean particle size obtained by chemi-
sorption using this assumption are in good agreement with
the TEM micrographs.
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Electron Microscopy (SEM/EDS and CTEM/EDS),
XPS Analysis, and X-ray Analysis

Scanning electron microscopy (SEM) and conventional
transmission electron spectroscopy (CTEM) were per-
formed on Jeol JMS 6400 and TEMSCAN TEST 2010
microscopes, respectively. EDS analyzers were a Link EXLL
and a TRACOR (Voyager) for the SEM and CTEM, re-
spectively. For the transmission electron microscopy exam-
inations, the samples were dispersed by sonication in etha-
nol and deposited on a carbon film supported on a
copper grid.

X-ray photoelectron spectra were obtained on a VG
ESCALAB MK II spectrometer. The measurements were
carried out using unmonochromatized MgKa radiation
(A = 0.989 nm) under a mean pressure of 6 X 107" kPa.

X-ray diffraction measurements were made on a Seifert
XRD 3000 spectrometer using CuKe radiation (A =
0.15406 nm).

Catalytic Tests

The catalytic hydrogenation of benzene was performed
in a 100-ml autoclave equipped with a ballast to maintain
a constant pressure in the reactor (H; total pressure, 2
MPa at 85°C). Typically, the reactor was charged with 0.29
mol of benzene in 50 ml of ethanol and 1 g of 1% Rh/SiO,
prepared by the CVD method (7.8 mg of Rh exposed if
we take account of a 0.78 dispersion) or 1 g of 1% Rh/
SiO, prepared by impregnation (6.1 mg of Rh exposed).
The products were analyzed by GC/MS (Perkin-Elmer
QMASS 910). The conventional 1% Rh/SiO, was prepared
by impregnation of Degussa Sipernat 22 SiO; with an aque-
ous solution of RhCl;-3H,0. The sample was dried at
110°C. It was then calcined at 400°C for 10 h and was
reduced with H, at 200°C for 10 h.

RESULTS AND DISCUSSION

A fluidized bed reactor was built to handle rhodium
complexes without any special precaution. It allows the
production of the catalyst in a one-step process. A fluidized
bed appeared to be the most suitable way to obtain homo-
geneous deposits, and owing to the vapor pressure of the
rhodium precursors, the experiments were carried out un-
der low pressures (50--100 Torr). Figure 1 shows a sche-
matic diagram of the reactor.

Selection of the Precursors

In order to have a general method for depositing rho-
dium on various supports, the prerequisites for the precur-
sors were that the complexes be stable at room tempera-
ture, not be very air-sensitive, be volatile enough, and be
selectively decomposed to pure rhodium metal.
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From our own experience and from results in the
literature (19-22) we studied three compounds: [Rh,(u-
C1)x(CO).], 1; [Rh(7-C3Hs)s), 2; and [Rh(acac)(CO),], 3.
The vapor pressures of these three solids have been deter-
mined as functions of the temperature. In the sublimator,
the temperatures have been optimized between 40 and
55°C to provide vapor pressures from 0.05 to 0.08 Torr,
without any decomposition.

Similarly, the temperatures of decomposition of these
rhodium precursors in the fluidized bed were optimized.
It is useful to have a minimal difference between the subli-
mation and the decomposition temperatures, and to use a
temperature such that decomposition occurs completely
and very quickly in the bulk of the fluidized bed. Decompo-
sition experiments have been carried out under pure He
or Hy/He mixtures.

Thermolysis of these precursors was monitored by the
loss of the various ligands as followed by infrared spectros-
copy. Under a H,/He atmosphere the best compromise
for a complete decomposition was achieved between 80
and 100°C. If the experiments are carried out in the absence
of dihydrogen, it is necessary to employ higher tempera-
tures (125, 100, and 130°C for 1, 2, and 3, respectively).
The presence of small amounts of dihydrogen in the helium
carrier gas allows the decomposition to begin at 75, 65,
and 85°C for 1, 2, and 3, respectively. These temperatures
are significantly lower than those used by Kumar and Pud-
dephatt (19) for compounds 1 and 2 (180°C) to produce
rhodium films on silicon wafers; those authors did not
find any effect of dihydrogen for 1. The main difference
between the two experimental conditions is the introduc-
tion of dihydrogen directly on the rhodium complex by
Kumar and Puddephatt (19), whereas we introduce a low
partial pressure of dihydrogen (20%) after the complex
has been sublimated under helium and just before the
gaseous mixture is admitted to the fluidized bed.

In catalysis the purity of the metal is known to be of
great importance and thus we focused our attention on
the presence of heteroelements in the deposits. The effect
of dihydrogen on purity was clearly evidenced (vide infra),
because when a He/H; gas mixture was used with 1 only
traces of chlorine were found in the rhodium deposited on
the surface or in the bulk of the supports. In contrast, when
He alone was used, around one chlorine atom per rhodium
atom was detected by energy dispersion spectroscopy
(EDS), vide infra. Precursors 2 and 3 give rise to deposits
containing large amounts of carbon and the presence of
dihydrogen dramatically reduces these amounts (vide in-
fra). Such a phenomenon has already been reported
(23-25).

Thus, all subsequent experiments have been carried out
in the presence of dihydrogen. Depending on the nature
of the precursors, the sublimation has been carried out
between 40 and 55°C and the decomposition in the fluid-
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TABLE 1

Characterization of the Rhodium Deposits

Particle size Specific surface  Porosimetry

wi% Rh (nm) Dispersion  area (m*>-g ") (cm®-g")
0 — — 170 315
0.35% 1.1¢ 0.97 184
0.5% 1.2¢ 0.91 —
1.07 1.4¢,1.74, 1.8¢ 0.78 178 289
2.0° 1.5¢ 0.71 172
1.0/ 1.5¢ 0.71 158%
¢ Pure silica.

b From [ha([L-Cl)z(CO)d

“ By CO chemisorption measurements.

4 Determined by TEM.

“ From H, chemisorption measurements.

! From [Rh(7*-C;Hs)4}.

¢ This silica powder has a specific area of 149 m?- g ".

ized bed between 80 and 100°C, under a dynamic total
pressure of 100 Torr.

Rhodium Deposition on Silica Powders

Representative supports used in this work were silica
powders that had been sieved to give particle sizes between
100 and 200 um; these samples were characterized by a
density of 0.23 (B group of Geldart’s classification (26)) and
a BET area of 170 m?/g. The grains of silica are spherical in
shape, as shown by SEM observations (shape factor = 1).
We found a compressibility factor of 83, which shows that
the silica powders are suitable supports for preparing cata-
lysts and for carrying out fluidized bed experiments. The
minimum fluidization velocity (U,) was experimentally
determined to be 5.2 cm min~'. In order to have a good
contact between the solid and the gas phase and to ensure
a good homogeneity of the deposits, a bubbling regime
was chosen with a fluidization velocity 8 X U, The best
compromise between the fluidization and the partial pres-
sure of the organometallic presursor was found to be 50
Torr for the required dynamic reduced pressure. The flow
rate of the carrier gas was adjusted to around 40 sccm to
which, depending on the precursor, a 2- to 10-sccm flow
of dihydrogen was added. Under these conditions, for com-
pounds 1, 2, and 3, the sublimation temperatures were 53,
40, and 55°C and the deposition temperatures were 100,
80, and 100°C, respectively. All these experiments were
carried out for 2-5 h to obtain 0.3 to 2% (w/w) of rhodium
on silica. The amount of rhodium deposited is directly
proportional to the duration of deposition.

Characterization of the Supported Rhodium Catalysts

The particle sizes were determined indirectly by chemi-
sorption of carbon monoxide or dihydrogen and directly
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FIG. 2. Transmission electron micrograph of a 1% Rh/SiO, deposit
issued from complex 1.

by transmission electron microscopy. The isotherms of che-
misorption for CO were measured at 298 K. The generally
accepted stoichiometry of 1/1 for CO/Rh was assumed
when the equilibrium pressure is reached.

The amounts of rhodium on the support and the metal
particle sizes, dispersions, specific areas, and porosities thus
obtained are displayed in Table 1. It can be seen that,
by allowing the support to react with small amounts of
precursor, low loadings can be obtained, leading to particu-
larly small particles and therefore to an excellent disper-
sion. Loading the support with more rhodium produces
larger particles but up to 2% Rh/SiO, the dispersion re-
mains at 0.7. It is worth noting that there is no decrease
in the specific surface area, showing that the porosity of
the support is not affected by this process of deposition.

In order to visualize directly the rhodium particles, TEM
was used for 1% Rh/SiO;, deposits. Micrographs (Fig. 2)
show that the particle sizes range from 1 to 3 nm (90% of
the particles <3 nm), with a distribution centered between
1 and 2 nm. Moreover, these deposits (from 1) were com-
pared to those prepared by conventional impregnation
methods using RhCl;-3H,0O. After a reduction step at
200°C for 12 h, TEM/EDS analyses of these latter catalysts
showed that chlorine still remains in the rhodium particles,
with the atomic CI/Rh ratio being very near 1; the particle
sizes are around 3 nm.

X-ray diffraction spectra of a 3% Rh/SiO; powder with
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TABLE 2

Relative Amounts of Rh, Cl, and C on the Deposits
Determined by XPS (wt%)

Deposition
Metal complex conditions % Rh % Cl % C
[Rh,Cl(CO),4) He 77 23 e
He/H, 98.5 1.5 —
[Rh(allyl)s] He 81 — 19
He/H, 93 — 7
[Rh(CO).(acac)] He 68 — 32
He/H, 86 — 14

larger particle sizes (3 nm) revealed the main crystallo-
graphic planes of metallic rhodium.

In order to obtain significant results on the chemical
purity of the deposits, rhodium was deposited on planar
bulky substrates under the above-mentioned experimental
conditions. By SEM, it clearly appears that homogeneous
films were formed with grain sizes ranging from 200 to 300
nm under helium, to 100 nm under He/H,. By EDS, the
presence of rhodium was shown clearly. In the deposits
resulting from 1, and from 2 or 3, chlorine and carbon
respectively were observed qualitatively; the intensity of
these signals decreased markedly when dihydrogen was
added to the carrier gas.

Further analyses were carried out by X-ray photoelec-
tron spectroscopy. Rhodium was shown to be metallic, the
binding energies E(3ds;;) = 307.1 ¢V and E(3d,/;) = 312.0
eV being in good agreement with the literature data (27).
When chlorine is present in the deposits, the two rhodium
peaks become wider. A deconvolution revealed that
rhodium is present in both zero [E(3ds,) = 307.4 eV,
E(3ds;;) = 312.0 eV] and III oxidation states [E(3ds;,) =
308.8 eV; E(3d;;) = 313.6 eV]. Chlorine was detected
at EQ2ps;p) = 1979 eV and EQ2p,,) = 199.1 eV; these
values are consistent with terminal rhodium-chiorine
bonds rather than bridging rhodium—chlorine bonds (28).
Thus, chlorine could be present as RhCl; entities, in
addition to metallic rhodium. Previous examinations of
the pyrolysis products of [Rh,Cl,(CO),] by Kumar and
Puddephatt (19) have shown the presence of RhCl;.

Concerning precursors 2 and 3 which can lead to carbon
incorporation in the deposits, whatever the presence or
not of dihydrogen, the binding energy [E(1ls) = 284.5 eV]
is consistent with a graphitic carbon.

Table 2 displays the semiquantitative results of the XPS
analyses related to the various deposits obtained from pre-
cursors 1-3 with or without dihydrogen. The role of dihy-
drogen is unambiguously demonstrated, since for instance
from 1, only traces of chlorine can be detected. It is worth
mentioning that under H, chlorine is more easily removed
from 1 than carbon is removed from precursors 2 and 3.

SERP ET AL.

Catalytic Tests

Owing to the small particle sizes obtained by this
OMCVD method, the activity of these catalysts was exam-
ined in the classical hydrogenation reaction of alkenes and
more especially of benzene, since this latter reaction is
known to be structure sensitive for supported rhodium
catalysts (29). The hydrogenation of oct-1-ene at 50°C
under 0.1 MPa of dihydrogen led to an activity of 1170
mol - ggh-h™! for the 1% Rh/SiO, sample prepared from 1
or 2, whereas a 1% Rh/SiO; sample obtained by the im-
pregnation method gave 750 mol-ggh-h™'. This activity
was found to be the same for three additional runs. Ben-
zene was selectively hydrogenated into cyclohexane at 2
MPa and 85°C; the two catalysts gave activities of 140 and
85 mol- ggh - h™!, respectively.

In addition to the dispersion parameters which are gen-
erally lower for conventional catalysts, the greater activity
in hydrogenation observed for the present catalysts is pre-
sumably due to the low amounts of chlorine (1.5 wt%).

Approach to the Mechanisms

Preliminary investigations on the mechanism of this
OMCVD process have been carried out using different
techniques. On-line analyses of the decomposition prod-
ucts have been performed by coupling the CVD reactor
with a mass spectrometer.

In an attempt to determine the influence of the gas
mixture on the products of pyrolysis, an IR gas cell was
charged with the various starting components and heated
gradually. Under a helium atmosphere, complex 1 pro-
duces carbon monoxide at temperatures above 125°C and
a solid characterized by a Rh/Cl ratio near 1. In contrast
to previous reports (19) carried out at 180°C, no phosgene
was detected even at 200°C. The absence of phosgene was
confirmed by mass spectrometry. However, when dihydro-
gen is added to helium (about 20% vol/vol), above 75°C
the loss of CO appears in a first step followed by the
formation of HCI in the gas phase. As already noted, the
solid deposit contains metallic rhodium with only traces
of chlorine. The on-line mass spectrometry measurements
show that in the presence of silica, CO, then immediately
HCl are detected from a 1/H,/He mixture. Thus the results
of the pyrolysis are summarized as

[Rhy(u-C1):(CO),] o5 RRY/SIO, + HCI(g) + CO. 1]
10,

Decomposition of 2 leads to propene and 1,5-hexadiene
under pure helium and to propene/propane mixtures under
a H,/He atmosphere, as analyzed both by infrared and
mass spectrometry. The presence of 1,5-hexadiene was not
observed under a H, atmosphere, in contrast to what can
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be expected from the results of Kumar and Puddephatt
(19). Moreover, the presence of dihydrogen allows us to
reduce dramatically the amounts of graphitic carbon in
the deposit while simultaneously producing propane, the
amounts of which are directly proportional to the quanti-
ties of H,. The balance of our analyses is given by

[Rh(77-C;Hs)y] ~os R¥/SIO; + CoHy + CiHy.  [2]

Under helium, the decomposition of complex 3 gives
rise to CO, CO», acetone, and butanone. Complex 3 heated
under H;/He (85°C) leads first to a loss of CO then to the
formation of acetylacetone (2,4-pentanedione). The result
of this decomposition is shown by

[Rh(CO)s(acac)] ~e> RhO/SiO; + CO + acacH. (3]
145

During all our infrared investigations no rhodium inter-
mediate species were detected. Under a deuterium/helium
atmosphere in the case of precursor 1 only CO and DCI
loss have been analyzed.

In addition, further studies on complex 1 by chemical
ionization mass spectrometry using methane showed the
presence of the quasi-molecular fragment m/z = 389 (**Cl
isotope), and by loss of HCI the fragment m/z = 353:

CH; N
[Rh;Cl(CO)y] —— [Rh;Cl;(CO),H]
mlz = 388 ¢ miz = 389
(4]

B9, [Rhy(Cl)(CO)]*
m/z = 353

Thus, although the reaction conditions are not strictly
comparable, complex 1 can be protonated in the gas phase
to give an intermediate species which easily loses HCL.

However, the presence of the first rhodium atoms depos-
ited on the support plays an important role in the course
of the CVD. Indeed, during an experiment carried out at
80°C and followed by mass spectrometry, the supply of
dihydrogen was stopped after a period of about 1 h. For
more than 20 min, HCI was detected, although its amounts
were decreasing. In the absence of dihydrogen in the car-
rier gas, HCI can only be formed from hydrogen present
on the support and presumably from rhodium-hydride
species. We have determined that in the absence of dihy-
drogen, the decomposition of 1 does not produce any HCI,
which could occur if surface silanols would react. In addi-
tion, whereas rhodium deposits usually occur on silica in
the fluidized bed and not on the walls of the reactor, an
experiment was carried out in the absence of silica to de-
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FIG. 3. XP spectra of rhodium deposited on a planar SiO, substrate,
after etching by Ar* for (a) S and (b) 20 min. The figure shows the Rh
3d region.

posit a little rhodium on the walls. Further addition of
silica and then deposition of rhodium under the standard
conditions resulted in the preferential growth of the deposit
on the walls going on, and to a small extent, to the expected
one on Si0,. Such a phenomenon has already been ob-
served by Xue et al. in the case of chemical vapor deposition
of platinum from the complex [(MeCp)PtMe,] on different
kinds of surfaces (23).

Finally, we can propose that in the gas phase, reactive
species are formed resulting from the loss of CO and/or
HCI from complex 1. These species interact with particular
sites of the support, giving rise to the first rhodium anchor-
ing. A second simultaneous mechanism can occur which
involves the active participation of rhodium-hydride spe-
cies on metal particles. Such thodium-hydride species have
already been reported by Fischer er al. (30).

Recently Dufour et al. (31) have studied the reaction of
complex 2 at room temperature with various pretreated
supports; it was shown that the surface reacts through OH
groups to afford a rhodium-oxygen bond with elimination
of an allyl ligand as propene. However, in the present
study, active intermediate species are formed in the gas
phase, due to the presence of dihydrogen, which do not
require OH groups to anchor to the support. The more
surface area is disposable, the faster is the phenomenon.

In order to have an insight into what kind of interaction
occurs between the support and the first incoming rhodium
intermediate species, XPS studies have been carried out.
A very thin film of rhodium was deposited on a planar
silicon substrate coated with a 20-nm-thick silicon oxide
layer. XPS spectra were recorded after successive etching
operations by Ar* ion bombardment of the rhodium film
(Fig. 3). Spectrum a recorded after 5 min etching, is
representative of metallic rhodium with binding energies
of 3ds, at 307.0 eV and 3d;, at 311.9 eV. Further
etching resulted in the two peaks broadening, as shown
in spectrum b. Careful deconvolution of these two signals
(Fig. 4) showed the presence of rhodium in the zero
oxidation state (at 307.0 and 311.9 eV), and in the +I
and +III oxidation states. Indeed, the two peaks at 308.0
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FIG. 4. Deconvolution of the XPS curves in the Rh 3d region of in-
terest.

and 312.9 eV are consistent with Rh(I) species and the
two broad peaks at 309.6 and 314.4 eV correspond to
Rh(III), as compared to the 3ds,, energies quoted be-
tween 308.8 and 311.3 eV (27).

Thus, the anchoring of rhodium on the surface involves
covalent bonds between rhodium and oxygen atoms origi-
nated from silica. Rh(I)-O- and Rh(III[)(-0O-); bonds
have been evidenced in this work. Previous studies on
rhodium complexes adsorbed on alumina (32) or silica
(33) have shown that Rh(I) and Rh(III) surface atoms are
bonded to oxygen atoms of the support.

CONCLUSION

The one-step method described here coupling OMCVD
and a fluidized bed provides a rapid way to prepare at low
temperature highly dispersed rhodium aggregates an-
chored on the support. Such catalysts present good cata-
lytic activities in hydrogenation.

Further work to examine catalytic performance in car-
bonylation reactions are in progress.
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