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MOCVD of rhodium, palladium and platinum
complexes on fluidized divided substrates: Novel
process for one-step preparation of noble-metal

catalysts

Jean -Cyrille Hierso, Ph|||ppe Serp, Roselyne Feurer and Philippe Kalck *
1 aboratoire de Catalyse et Chimie Fine, Ecole Nationale SupeArieure de Chimie de Toulouse, 118 route
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Laboratoire de Cristallochimie, ReAactivite et Protection des MateAriaux, (UPRESA+CNRS 5071), Ecole
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A new one-step method, entitled ~uidized-bed
metal-organic ~ chemical vapor  deposition
(FBMOCVD) of preparing highly dispersed
metal-supported catalysts is reported. The fol-
lowing complexes were studied and used as CVD

precursors in presence of Hy: [Rh(m-CI)(CO)»]>,
Rh(allyl)3, Rh(acac)(CO),, Pd(allyl)(hfac),

Pd(allyl)(Cp), Pt(COD)(CHs3),. (acac, acetylace-
tonato; hfac, hexa uoroacetylacetonato; Cp,
cyclopentadienyl; COD, cyclooctadienyl). In a
®rst approach, depositions on planar substrates
were carried out to establish the best experi-
mental conditions to obtain good-quality depos-
its. X-ray diffraction, X-ray photo-electron
spectroscopy and electron microprobe studies
were realized on the resulting thin ®Ims.
Analyses of the products contained in the gas
phase after and during deposition were per-
formed by mass spectrometry and GCzMS.
Finally, catalysts prepared by FBMOCVD were
characterized by transmission electron micro-
scopy+tenergy dispersion spectroscopy (TEMz+
EDS), metal-loading determinations and speci-
®c-surface measurements (BET). Dispersed na-
nosized aggregates were obtained, showing high
activities in alkene hydrogenation and alcohol
hydrocarbonylation. # 1998 John Wiley &
Sons, Ltd.
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INTRODUCTION

Catalysts play a major role_;L in our modern industrial
and economic structures.”” Indeed, 80% of the
petrochemical products and chemicals currently
produced by industry have been in contact with a
catalyst during at least one step of their elaboration.
Both homogeneous and heterogeneous systems offer
advantages and drawbacks. The attraction of using
heterogeneous catalysts is that they can be separated
easily from the reaction products. Furthermore they
display generally good mechan-ical and thermal
stabilities, and high activities. This explains why
there are numerous_industrial pro-cesses involving

supported catalysts,”  not only in heavy industrial

chemistry (NH3 synthesis, SO, oxidation or
petrochemistry%s) but also in ®ne chemistry
(asymmetric hydrogenation¥a).

However, due to preparation methods, some
drawbacks remain. Typical heterogeneous catalyst
preparation methods include co-crystallization,™

ion-exchange ™ or impregnation. "~ They normally
require the use of metal complexes to obtain the
active, pure metal dispersed on a metal oxide support
such as Al»O3, SiO, or TiO,. Various oxidation and
reduction steps are necessary: indeed, during the
calcination step, oxidation to remove organic or
inorganic ligands can also oxidize the supported
metal to form the metal oxide.” Conse-quently this
step requires a subsequent reduction process to
regenerate the active metal form.
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The high temperature (>400 °C) required for these
steps can cause aggregation of the supported metal
particles, resulting in changes in particle size and
thus in size-dependent properties such as activity and
selectivity. "~ Moreover, the micro-structure of the
oxide support can also be modi®ed, leading to
decreases in speci®c area, or chaanles in porosity as
well as in chemical properties.” Finally, high-
temperature processes preclude the use of some

sensitive supports.”” For these reasons potential
alternative methods must be sought.

The potential of metal-organic chemical vapor
deposition (MOCVD) processes for the preparation
of noble-metal supported catalysts from suitable
precursors has been investigated. The great number
of metal-organic and organometallic compounds of
platinum group metals allows us, using a con-venient
reactive gas, to deposit pure metal particles at low
temperature (<150 °C). In this paper a new, one-step
method entitled ~uidized-bed metal-organic chemical
vapor deposition (FBMOCVD), which provides easy
access to highly dispersed metal-supported catalysts,
is reported.

BACKGROUND

Catalytic-metal chemical vapor
deposition (CVD)

In 1890, high-purity nickel was deposited by Mond
in the ®rst metal-organic chemical vapor deposition
process reported. With regard to the platinum group
metals, Marboe™™ ®rst described (1947) thelg%gosi—
tion of platinum, but it was the work of Rand™ "
which was the actual starting point of detailed
noble-metal CVD studies. The ®rst attempts at
noble-metal deposition in the absence of a carrier
gas gave ®Ims containing important amounts of
impurities.” "~ Girolami and co-workers later
reported the synthesis of high-quality palladium
and platinum ®Ims, still without using a carrier
gas, and showed the great importance of choosing
the right precursor complexes.” At the same time,
the groups of Kaesz and Puddephatt described
noble-metal deposition u%ngsa reactive gas such as
dihydrogen or dioxygen.” '~ As a result, dramatic
decreases in the temperature of deposition and
high-purity depositions were obtained.

However, despite the excellent results reported
concerning thin-®Ims deposits on planar substrates
(mainly for electronics applications), relatively few
studies on CVD of catalytic materials have been

reported. It is noteworthy that recently three groups
have described a two-step elaboration of supported
catalysts using CVD. Dossi and co-workers have
prepared palladium and platinum/zeolite catalysts by
adsorption of organometallic complexes from a
gaseous phase, the supported materials then+being
heated in an Ho/He ~ow at high temperature.™ " It
was also shown that Ni(CO)4 can be adsorbed on
activated carbon in a uidized bed and then, in a
second step,, flecomposed at 250 °C in a dinitrogen

atmosphere.”™ In a similar way, Baerns and co-
workers obtained platinum supported on SiO5, AloO3
or TiO, after decomposition of Pt(acac), at 300
°C.”" These processes require prior adsorption of

organometallic complexes and do not spare the need
for high decomposition temperatures.

CHOICE OF THE PRECURSORS

Several general criteria for selecting CVD pre-cursor

complexes are required.” Among the various
physicochemical properties, good volati-lity, non-
toxicity and thermal stability during the sublimation
step are considered essential properties for
FBMOCVD. The processing conditions require
compounds easily available in good vyields, and
deposition temperatures below 150 °C.

The following complexes meet the above criteria:
Rh(m-CI)(CO 1), Rh(allyl)3 (2), Rh(acac)(CO
AT S AN (Pc}/(gﬁ;fl))g R
Pt(COD)(CHg), (6) where allyl is “-C3Hs), acac is
the acetylacetonato ligand (CH3COCHCOCHS3), hfac
is the hexa uoroacetyl-acetonato ligand
(CF3CO§HCOCF3) and Cp is the cyclopentadienyl
ligand ( "-CsHs), COD is the cyclo-octadienyl ligand
(CgH12). These compounds are solids at room
temperature.

Vapor pressures of the precursor
complexes

Control of a given CVD process entails knowledge
of the partial pressures of the precursors under the
experimental conditions. As these data are still
absent from the literature, the dependences of the
vapor pressures on temperature for the sublimation
of complexes 1+6 were measured. The combined
results are shown in Figs. 1 and 2. The heats of
sublimation of the precursors obtained from the
Clausius+Clapeyron equations associated with
these data are displayed in Table 1. Concerning the
measured values, it is worth noting the higher
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Figure 1 Dependence of the vapor pressures on temperature for 1, 2 and 3, and the associated Clausius+Clapeyron equations.

vapor pressures of compounds containing allyl
ligands.

PROCESSES INVOLVING PLANAR
SUBSTRATES

Preliminary investigations on planar substrates
were carried out to establish the best experimental

conditions to obtain good-quality deposits as
catalytic materials, and also to highlight the
mechanisms of CVD for selected complexes.

CVD apparatus and

physicochemical analyses

Thin-®Im depositions were realized in a horizontal,
hot-wall CVD reactor described elsewhere.
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Figure 2 Dependence of the vapor pressures on temperature for 4, 5 and 6, and the associated Clausius+Clapeyron equations.

Before each deposition, the apparatus was cleaned
out with detergent, deionized water and acetone,
and then kept for several hours under dynamic
vacuum. The glass substrates were boiled in
trichloroethane, then in acetone, and ®nally dried
inside the CVD furnace under a helium current
and at low pressure.
At the beginning of an experiment, the helium

carrier gas was saturated with metal precursor vapors
by passing upstream through a sintered glass plate
holding the solid metal-organic complex. To ®x the
vapor pressure, the entire sublimator system was
maintained at a constant temperature regulated by a
water bath. Dihydrogen was introduced near the
substrate to allow better control of the deposition
area. The Pyrex tube reactor was heated
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Table 1 Heats of sublimation of 1+6

Metal-organic ~ Heat of sublimation®

complex (kJ molyl) Synthesis reference
1 84 3 26
2 70 2 27
3 82 3 28
4 61 3 29
5 81 4 30
6 45 3 31

Error limits are the estimated experimental uncertainties in
the measurements.

using a temperature-controlled furnace. An on-line
mass spectrometer, Balzers QMS, was set up at the
deposition area via a capillary tube. Decomposition
gases, as well as unreacted precursor, were trapped at
liquid-nitrogen temperature. Liquid residues were
analyzed by GCxMS (Perkin-Elmer Q Mass 910).
The ®Ims were analyzed by X-ray photo-electron
spectroscopy (XPS) to identify the surface species.
XPS spectra were obtained by using a VG Escalab
MK Il with an unmonochromatized MgKa X-ray
source (I = 0.989 nm) at a pressure of

6 10 kPa. Electron microprobe qualitative
and quantitative analyses were realized using a
Cameca SX50 electron microprobe. The measure-
ments were carried out in various regions of the
samples by comparison with a metal standard
(99.9% purity) to obtain volumetric analyses of the
®Ims. X-ray diffraction analyses were carried on a
Seifert XRD 3000 with CuKa radiation (I =
0.15406 nm). Scanning electron microscopy
studies were run on a JEOL 6400 apparatus.

Deposition conditions and
characterization of deposits

Several different parameters were examined with a

view to determining the best experimental con-
ditions for deposition. The results reported here

focus on experiments conducted under Ho/He

atmospheres. Indeed, the Hyp/He mixture led to
deposits of improved purity, obtained at lower
temperatures, in agreement with our purpose.
Physicochemical characterizations were performed
on planar substrate deposits by classical surface
analysis methods. A very accurate correlation
between the present experiments on planar sub-
strates and those in a uidized bed (vide infra) was
veri®ed.

Table 2 displays the reaction conditions leading
to the highest material purities. A total pressure
ranging between 50 and 100 Torr allowed an
appropriate molar ratio of precursor, and was
consistent with the bubbling ~uidization regime of
the catalytic supports required by the ~uidized-bed
process. The molar ratios of the various precursors
given in Table 2 were ®xed through the total
pressure and the sublimator temperature. The
amounts of dihydrogen required to remove the
ligands, but precluding complete decomposition in
the gas phase, vary dramatically with the nature of
the starting complex. For instance, the two
palladium complexes investigated here are very
reactive towards dihydrogen. Therefore only rela-
tively low dihydrogen/carrier gas ratios (8+£10%)
were necessary during deposition. In all cases,
deposits were obtained at temperatures below 100
°C, palladium ®Ims of high purity being
obtainegl at unexpectedly low temperatures (35+
60 °C).*

Scanning electron microscopy of deposits pre-
pared under the conditions displayed in Table 2
shows that rhodium, palladium and platinum ®Ims
were forr7218d with grain sizes between 100 and
1000 nm.”™ X-ray diffraction studies revealed in
all cases the characteristic spectra of the crystalline
metals. No particular orientation was observed.

Table 2 Selected experimental conditions for the deposition of 1+6

Metal-organic Sublimator Deposition Precursor molar Total Pressure
complex temperature (°C)  temperature (°C) ratio H> molar ratio (Torr) Impurities (wt%)
[Rh(m-CI)(CO); | 50 75 4210 ¢ 25 1 100 1.5%CI°
Rh(allyl)s 40 60 7810 7, 4 74 100 7% Cq
Rh(acac)(CO); 60 85 7.010 7, 25 7, 100 14%cCy
Pd(allyl)(hfac) 40 4560 11210 7, 1o Y2 50 <1% Eb

y y
Pd(allyl)(Cp) 30 35460 12010 4 110 50 <3% ab
PHCODY(CHz)s 70 90£120 3210" 1010” ag <104 C

& xps analysis from thin-®Im deposits on SiO, planar substrates.

Electron microprobe analysis from thin-®Im deposits on SiO, planar substrates.
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Gas-phase studies

In order to gain an insight into the decomposition
mechanisms, analyses of the products contained in
the gas phase were performed. The inorganic and
organic residues were trapped after the reactor,
and analysed by GC£MS. More information was
gained from on-line mass-spectrometric analyses,
by following the gas-phase composition. During
various deposition experiments, the evolution of
several characteristic fragments was monitored
carefully (as described later for 4). In addition,
infrared measurements were used to identify and
follow the appearance in the gas phase of certain
fragments such as CO or HCI.

Rhodium complexes
Under an inert helium atmosphere, [Rh(m-Cl)-

(CO)2]2 produces carbon monoxide above 125 °C
and a solid characterized by a Rh/Cl ratio near 1:1.
However, when dihydrogen is added to the helium
(about 20%, v/v), the loss of CO above 75 °C is
detected rapidly by infrared, followed by the
formation of HCI in the gas phase. It was shown
that in the gas phase, reactive rhodiumhydride
species are formed resultin%Zfrom the loss of CO

and HCI from complex 1.”° These species pre-
sumably interact with particular sites on the
support, giving rise to rhodium anchoring. Dihy-
drogen plays a major role in dechlorination of
complex 1 during deposition and thus increases the
purity of the deposits.

Decomposition of Rh(allyl)3 leads respectively
to propene and 1,5-hexadiene under pure helium
and propene/propane mixtures under an Ho/He
atmosphere, as determined by both infrared and
mass spectrometry. Under helium the decomposi-
tion of Rh(acac)(CO), gives rise to CO, COjy,
acetone and butanone. This latter complex heated
under Ho/He (85 °C) decomposes ®rst with loss of

CO, then by formation of 2,4-pentanedione.

Palladium complexes

Thermolysis of the Pd(allyl)(Cp) precursor in the
absence of any reactive gas was reported to give a
mixture of propene, cyclopentadiene and traces of
hexadiene. This behavior was interpreted as result-

ing predominantly from a radical mechanism.

Under our conditions, introduction of dihydrogen
produces cyclopentene, cyclopentane, propane and
presumably propene; these results are more con-
sistent with concerted mechanisms involving
hydrogenation of the original ligands and their
clean elimination. The relative concentrations of

the various resulting organic compounds correlate
with the_amounts of dihydrogen present in the

medium.

Concerning the gas-phase products resulting
from Pd(allyl)(hfac), as previously detected for
Pd(allyl)(Cp), the allyl ligand is mainly hydro-
genated to propene and propane. For instance, on-
line mass spectrometry measurements during a
deposition experiment are displayed in Fig. 3. The
variations in the amounts of propane and propene
are shown through the evolution of their two major
fragments in the gas phase. It clearly appears that
when dihydrogen is cut off during an experiment,
hydrogenation still continues for several minutes
by means of chemisorbed dihydrogen on the
surface of the palladium deposit. The relative
amounts of propane decrease regularly, whereas
during the same time the amounts of propene
increase, demon-strating that as the Ho partial
pressure diminishes the ®rst step of hydrogenation
is favored, i.e. the formation of propene rather than
propane. As expected, switching the dihydrogen
~ow on rapidly restores the initial rates.

However, with the Pd(allyl)(hfac) complex the
hfac ligand follows a different pathway. Whereas a
negligible part of the acetylacetonato ligand is
hydrogenated, a major part decomposes into tri-
“uoropropanone and various unidenti®ed organo-
" uorine compounds.

Platinum complex

More recently, we examined the decomposition of
Pt(COD)(CHs3)>. Under helium, this compound
decomposes at 90 Torr above 240 °C giving rise to
cyclo-octadiene (GC+MS) and methane (ob-
served exclusively by on-line MS experiments).
These products were reportedssto form under a
dinitrogen atmosphere (FTIR).™™ Under these con-
ditions, signi®cant amounts of graphitic carbon
were incorporated in the deposits. Introducing a
partial pressure of dihydrogen in the carrier gas
leads to decomposition of 6 beginning around 90
°C, and providing mainly cyclo-octane, cyclo-
octene, traces of cyclo-octadiene (GC+tMS) and
methane (on-line MS). The incorporation of
carbon into the platinum deposits was noticeably
reduced (Table 2).

Interpretation of results

GC/MS characterization of trapped residues, con-
®rmed by on-line mass spectrometry analyses during
the deposition process, is summarized in Table 3. We
observe that, mutatis mutandis for each complex,
hydrogen assists the removal of certain
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Figure 3 Propane and propene evolution in the gas phase during Pd(allyl)(hfac) deposition in an Ho/He mixture (1 vol%). The
substrate temperature was 60 °C. Dihydrogen ~ow was cut off after 1140 s, and switched on after 1780 s, as indicated by

arrowheads on the abscissa.

ligands as stable volatile species, giving for example
HCI or saturated hydrocarbons such as propane or
methane. Concerning organic ligands removed in the
absence of dihydrogen, some stable fragments are
lost, e.g. methane from 6 or propene from 2 and 5.
Consequently, in these cases the hydrogenation of the
ligand can only be due to

cleavage of H£C bonds in some ligands, leading to
unsaturated reactive fragments, which could then
explain the presence of unwanted carbon in the
deposits prepared in the absence of dihydrogen.

Analyses of ®Ims deposited on planar substrates,
and of species in the gas phase during the deposition
process, led us to determine a range of
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Table 3 Identi®cation of the decomposition products from deposits under an Ho/He mixture

Metal-organic

complex Gaseous decomposition products
[Rh(m-CI) (CO),]2 HClI £ CO H)
Rh(allyl)3 Propene (C3Hg) f propane (C3 a8
Rh(acac)(CO), CO £ 2,4-pentanedione (acacH)

Pd(allyl)(hfac)

Propene (C3Heg) 1 propane (C3Hg)

tri uoropropanone (CF COCH ) " unidenti®ed organo uoride
a 3 3

products  hexa uoro-2,4-pentanedione (hfacH)

Pd(allyl)(Cp) Propane (CH )  propene (CH)

(CsHg)* 58 £ 36k

& Trace amounts detected.

parameters for a clean CVD reaction. The transpo-
sition of this process to porous divided supports
requires adaptation, to some extent, of the previous
parameters, and also development of some new
ones.

FLUIDIZED-BED PROCESSES

Our aim is to prepare highly dispersed catalytic
materials, i.e. nanosized metal particles (1£5 nm)
supported on porqus carrier with a speci®c area at

least of 150 m? gyl, the metal leading being 0.3+ 5
wt%. To have the maximum number of metal
atoms offered to the reactants, the dispersion (ratio
of metal accessible to metal introduced) should be
as high as possible (typically >60%).

It appears that a ~uidized bed should offer
convenient processing conditions to obtain a
statistical distribution of small metallic aggregates on
the whole surface of the support grains.
Heterogeneous catalyst preparation involves hand-
ling supports with high speci®c areas. These
increased areas are characterized by surface
inhomogeneities compared with planar substrates,
including speci®c sites where aggregate nucleation
can occur. To obtain highly dispersed metallic
particles, it is necessary to favor particle nucleation
as opposed to particle growth of the aggregates. The
low temperatures and the high surface area for gas/
solid interactions are favorable for achieving these
requirements. The total ow rate needs to be adapted
to each solid, particularly to its minimal ~uidization
rate which is in a narrow relationship between

density and grain size.34 Low-pressure areas were
determined to adjust (or maintain simultaneously) the
correct molar ratio of precursor in the gas phase and
a bubbling regime for the ~uidized bed. In addition to
the correct sizes of the

cyclopentane (CH )

cyclopentene (CH) cyclopentadiene

5 10 F 5 8%

particles and their homogeneous repartition, the
method of preparing supported catalysts is con-
sidered proper if the speci®c area of the starting
material is not decreased, mainly because the
micropores must not be clogged.

The whole apparatus designed to prepare metal-
supported catalysts is shown in Fig. 4. Various
metals (rhodium, platinum, palladium) and sup-ports
[SiOy, Al»Og3, activated carbon (C*)] have been used.
At the beginning of a general procedure,

Mass spectrometer

@

Fluidized support

Precursor

— | He

Figure 4 Schematic diagram of the ~uidized-bed CVD reac-
tor.
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Table 4 Example of experimental conditions for two FBMOCVD runs®

.yl .yl
Ma@ M@  T(Q)  Tp(C)  Qe(mimin™)  Qr(mimin)  ta(h) X
Rh/SiO, 1 5 52 100 35 8.5 25 9 R
Pd/SiQ, 0.6 25 45 60 86 0.8 3 571 l')y

& Total pressure P =50 Torr.

a mass Mg of the precursor complex is introduced as
a powder into the sublimator, to which helical glass
shells are added to obtain a better carrier gas/solid

exchange area. A mass Mg of grains of support is
poured into the column. The apparatus is placed
under a reduced pressure of 0.1 Torr for 1 h whereas
the bed temperature is maintained at 100 °C to
remove water physisorbed on the support, the
temperature of the sublimator being kept below 20

°C. Then the bed is heated to the temperature Ty and
the pressure in the column is adjusted to the value P
by introducing the carrier gas. The sublimator is

plunged into a warm bath at temperature Tg and the

gas ~ows (Q¢ for the carrier gas and Q, for the
reactive gas) are adjusted. A dynamic vacuum is
maintained to keep the pressure at the P value. The
gas ow rate is chosen to maintain a bubbling
“uidization regime in the column and to obtain a
suitable molar ratio of precursor in the gas phase.

Deposition begins, for a duration ty. The molar ratio
of sublimed precursor is x. At the end of the
deposition, the temperature is slowly decreased to
ambient. The vacuum and the gas ~ows are stopped
and a slow air stream is passed through the apparatus
until it reaches ambient pressure. The unsublimed
precursor is recovered. The catalyst is removed from
the column and used without any further treatment.

For example, 1 wt% Rh/SiO2 and 4.5 wt% Pd/SiO»
catalysts were prepared using the parameters

Table 5 Characterization of selected metal-supported cata-
lysts obtained by FBMOCVD

Average size Speci®c

Metal of particles a;zrea,l
Precursor complex (%)  Support (nm) (m gy)
[Rh(m-CI)(CO)l, 0.35  SiO, 1.1 184°
[Rh(m-Cl)(CO)], 1.0 Sio, 1.7 178°
Rh(allyl)z 1.0 Si0, 15 158"
Pd(allyl)(hfac) 1.2 Al,03 2+100 130"
Pd(allyl)(Cp) 45 Si0y 43 160"
Pt(COD)(CH3), 23  SiO; 3 175°

a . - . 2 y1
Pure silica speci®c area is 179 m gy .
Pure silica speci®c area is 150 m gy .

c - - - 2 y1
Pure alumina speci®c area is 165 m gy .

displayed in Table 4, starting from complexes
[Rh(m-CI)(CO), and Pd(allyl)(Cp) respectively.
Several deposition studies were carried out on
silica and alumina. Some results are shown on Table
5, where rhodium, palladium and platinum deposits
have been selected. It is possible to attain very small
aggregates with a high dispersion level. For instance,

from [Rh(m-CI)(CO),], a 0.35 wt% rhodium deposit
has been obtained; the particle size, measured by CO
absorption, is near 1.1 nm and would correspond to a
dispersion of more than 80% (calculated from CO
absorption measurements as described in Ref. 35).
Moreover, the initial

Figure 5 Transmission electron micrograph of a 4.5 wt%
Pd/SiO, deposit produced from 5.
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Figure 6 Transmission electron micrograph of a 1 wt% Rh/SiO deposit produced from 1.

speci®c area is not signi®cantly modi®ed as
expected.

Two different rhodium complexes (2 and 3,
Table 5) can give the same loading of metal and
comparable values of particle size and dispersion
(respectively 78% and 71%).

By ®ne-tuning the molar ratio of the complexes
in the gas-phase, the size and the loading of the
deposits can be controlled. Indeed, after an
experiment using Pd(allyl)(Cp) when a high molar
ratio of the precursor (Table 2, row 5) is ®xed, the
micrograph (see Fig. 5) shows mainly particles of
4.3 nm average size (Table 5, row 5) and a few
larger aggregates of around 100 nm. In this case
the loading of palladium reached 4.5 wt%. When a
lower molar ratio is imposed (Table 2, row 2), 1
wt% Rh/SiO2 deposits with 1.7 nm particles
(Table 5, row 2) are produced from [Rh(m-
CI)(CO)2]2, as displayed in Fig. 6.

Similarly, platinum particles can be prepared
from Pt(COD)(CH3),. High-resolution microscopy
revealed an average particle size of 3 nm with a
remarkably homogeneous distribution on the sup-

port. No particles with sizes above 10 nm were
noted.

In addition to the analyses of the metal content
usually carried out by ICP, we checked the purity
of the deposits by energy dispersion spectroscopy
(EDS) on supported particles observed previously
by transmission electron microscopy (TEM). The
deposits present the same purities as the ®Ims
prepared on planar substrates. For example, from

[Rh(m-CI)(CO)2]> approx. 1.5% chlorine was
detected, and from Pd(allyl)(hfac) no ~uorine was
found. Figure 7 displays the EDS analysis of
palladium particles prepared from Pd(allyl)(hfac);
no ~uorine or carbon (< 1%) was detected.

CATALYTIC TESTS

Several catalytic experiments were carried out on
these supported materials, particularly on rhodium.
Preliminary tests compared two catalysts, one
prepared by the present process and one by a
classical impregnation method, which starts from

RhCl3 3H20 and involves successively a drying
and a calcination step at 400 °C for 10 h and a

reduction step under dihydrogen at 230 °C for 3 h.
The catalyst prepared in this way was shown by
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Figure 7 EDS spectrum of a palladium particle on SiO» obtained by Pd(allyl)(hfac) deposition at 45 °C in an Ho/He mixture (1 vol%).
Titanium signals are due to the polar pieces of the microscope; copper signals arise from the grid support of the samples.

TEM EDS to contain rhodium particles of approx. 3
nm, the chlorine content being ca 8 wit%.

Considering the two catalysts at 1% Rh/SiO», the
FBMOCVD-prepared one displayed a 1190 hyl
acﬁivity for hydrogenation of 1-octene, against a 750
h activity for the classical one at 1 bar Ho and 25
°C. With FBMOCVD Rh/SiO> catalyst, activi-ties of
140 " for the hydrogenation of benzene to
cyclohexane at 120 bar and 120 °C, and 28 hyl for
the hydrogenation of benzonitrile into benzylamine
under the same conditions, were noted.
Rhodium-supported catalysts especially were
examined for the hydrocarbonylation of methanol
(200 bar, 200 °C). Various supports can be used,
such as LayO3, SiOj, Ce-doped SiOj, Al>O3,
activated carbon. The latter support %]i_ves a ver
good productivit _1of acetic acid, and higher acids
[2.160 g (mg Rh) } and the corresponding esters
[0.04 g (mg Rh)y] and alcohols [0.012 g (mg
Rh)"7]. But the most interesting results were
obtained for hydrocarbonylation of acetic acid to
higher acids at 200 bar and 220 °C (6 h duration,
180 mmol CH3COOH, 6.23 mmol HI, 2 wt%

Rh/C*, 1.48 10" g-atoms of Rh): productivities

of 1.8 9 (g RhY} in propionic acid, 0.40 40
Rh)y in butanoic acids and 0.32 .g (g Rh)’™ in
pentanoic acids have been obtained.

Similarly the activities of the Pd/SiOo or Pd/
Al,O3 catalysts were checked (050637 mol of 1-
octene, 0.35 wt% Pd/SiOo, 1.6 107 g-atoms of Pd).
At 1 bar and 20 °C in ethanol, 1-octene is
hydrogenated to octane with a 450 hY activity.
Under ttle same conditions, 1.2% Pd/Al,O3 gives a

500 hy activity. Other catalytic reactions on
palladium and platinum are under investigation.

CONCLUSION

FBMOCVD is a general method of preparing nano-
sized metal aggregates homogeneously dispersed on
high-speci®c-area substrates. The process re-quires
metal-organic  complexes having high  vapor
pressures. Under the conditions used here many
different metals are accessible. The introduction of a
suitable reactive gas allows ready removal of ligands,
and under mild conditions highly pure deposits can
be obtained. Similarly, various sup-
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ports can be used, provided they can be ~uidized.
Preliminary results on alkene hydrogenation and
alcohol hydrocarbonylation demonstrate the high
activities of FBMOCVD-prepared catalytic
materi-als.
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