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Highly Dispersed Rhodium Particles on SiO; and 8-FeOOH
Supports Formed by Photochemical Decomposition of a
Rh(I) Compound

Zhibang Duan and Mark J. Hampden-Smith*

Department of Chemistry and Center for Micro-Engineered Ceramics,
University of New Mexico, Albuquerque, New Mexico 87131

Received March 10, 1993. Revised Manuscript Received May 4, 1993

The preparation of 2-4-nm-sized Rh particles dispersed on amorphous SiO; and crytalline
B8-FeOOH at room temperature by photochemical decomposition of [(C.H,);Rh(OEt)]2H30 is
described. Tetrahydrofuran solutions of the Rh precursor containing either 250 nm sized SiO,
spheres or 250 X 55 nm single-crystal 8-FeOOH rod-shaped particles were irradiated for 3 h with
a Hg arc lamp. Transmission electron microscopy, energy dispersive spectroscopy and electron
diffraction revealed that 2-4-nm-sized crystalline Rh particles were dispersed on the surface
of the metal oxide particles with a Rh weight loading which corresponded closely to the solution
Rh content. A series of control experiments in which the rate of photochemical decomposition
of [(C:H):Rh(OE)]:-H;0 was monitored by TH NMR spectroscopy revealed that the precursor
reacted in homogeneous solution rather than on the surface of the metal oxide. This represents
a convenient method for the preparation of highly dispersed catalyst particles on thermally

sensitive substrates.

Introduction

The preparation of highly dispersed metal particles can
be achieved by a variety of chemical and physical
techniques. Typical preparation methods include metal
evaporation, metal-organic decomposition, and chemical
or photochemical reduction of metal complexes.1-12 When
metal complexes are used as precursors, methods to control
particle size generally require the use of surfactants, which
may reduce the reactivity of the metal.!® Inheterogeneous
catalysis applications, the active metal is normally dis-
persed on a metal oxide support such as SiO; or TiO,.
Preparation methods such as impregnation, coprecipita-
tion and ion exchange, based on the use of metal complexes,
generally require calcination and reduction processes.4
During the calcination process, oxidation to remove the
organic ligands can also oxidize the metal to form the metal
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oxide.l®> As a result, oxidation is usually followed by a
reduction step to form the active metal. However, the
relatively high temperature required for these stepsl®1€
can cause aggregation of the metal catalyst particles,
resulting in changes in size-dependent properties such as
activity and selectivity!” and can also lead to changes in
the microstructure of the metal oxide support.!® These
microstructural changes can adversely affect the surface
area and porosity, as well as chemical properties of the
support material. Furthermore, high-temperature reduc-
tion processes make some supports such as FeOOH and
FesO;3 inaccessible. These supports can exhibit a strong
influence in catalytic reactions. For example, gold, which
has attracted little attention itself as a catalyst, when
supported on a-FesOs, Co304, and NiO, exhibits high
catalytic activity for the oxidation of CO, even at—70 °C.19

Photochemical decomposition of organometallic pre-
cursors seems a viable alternative to produce metal
particles at low temperature. The photodeposition method
has been used to form oxide-supported metal particles for
some time.2-22 Most studies have required additional
reagents to promote reduction of the metal-containing
precursor to colloidal metal. In aqueous systems, the
chromophore is often the support surface. This has been
used to advantage for selective deposition of a metal
catalyst on a photoactive, semiconductor support with a
suitable bandgap, in the presence of a photoinactive
(insulating) support.2%22 For example, photochemically
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induced deposition occurs selectively on TiQ; in a me-
chanical mixture of Ti04/SiOs support.2® Colloidal metal
particles have also been prepared by the photoreduction
of metal-organic compounds in the presence of silanes.23
The photolysis of (n5-CsHs)PtMe; in the presence of the
silane HMe;SiOSiMe; resulted in formation of an active
hydrosilylation catalyst which was most likely to be a
heterogeneous platinum colloid.?? However, photolysis is
not necessary in some systems where the silane can act as
the reducing agent.2+-27

We have been interested in the formation of highly
dispersed rhodium particles derived from organometallic
precursors either in colloidal solution or supported on metal
oxide supports for their catalytic hydrogenation activ-
ity®-11.28-81 and have prepared 2-4-nm-sized rhodium
particles by photolysis of organometallic compounds.!! As
a continuation of these studies, we report here a model
study in which nanometer-sized rhodium particles are
dispersed on oxide supports at ambient temperature.

Experimental Section

General Procedures and Instrumentation. All manipu-
lations were carried out under a dinitrogen atmosphere using
standard Schlenk techniques.?? Hydrocarbon and ethereal
solvents were predried over sodium, distilled from sodium
benzophenone ketyl, and stored over 4-A molecular sieves. The
compound [(C.H,):RhOEt];-H,0 was prepared by the method
previously described.!! Spherical SiO, particles were prepared
according to the method of Stober et al.3 and chosen to facilitate
characterization of the surface metal particles by TEM. Rod-
shaped particles of 8-FeOOH were prepared by modification of
the literature procedure.®* Thermogravimetric analyses (TGA)
were performed on a Perkin-Elmer TGA 7 instrument. Scanning
electron microscopy (SEM) was obtained with a Hitachi S-800
instrument. Transmission electron microscopy (TEM) was
performed on a JEOL 2000-FX isntrument operating at 200 keV.
Electron diffraction data revealed the presence or absence of
crystallinity in the samples as described for each individual case.
However, the extent of crystallinity (i.e. the percent crystalline
content) was not determined. Both SEM and TEM samples
were prepared by redispersing the powder formed as reaction
product in the appropriate solvent to form a black suspension
from which a silicon wafer could be dip-coated for SEM or a
3-mm carbon-coated copper grid could be dip-coated for TEM
for all samples. X-ray powder diffraction data were collected on
the PVD-V Scintag X-ray diffractometer using a smear mount
method to load a uniform and thin layer of sample onto a piece
of glass of size 3 X 3 cm? Surface areas (BET) were measured
by nitrogen adsorption. Thermal annealing for the product was
carried out on a scale of approximately 2040 mg by placing the
powder in a quartz boat inside a quartz furnace tube with both
ends capped under dinitrogen atmosphere. The tube was loaded
into a tube furnace, evacuated to 10-2 Torr, and heated slowly
to the specific temperature for the desired length of time.

Syntheses. 8-FeOOH Particles. The compound FeCl;-6H,0,
3.52 g (0.050 mol) in 0.1 N HCI was dissolved in distilled water,
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and the solution was filtered and diluted to 500 mL. Thesolution
was transferred into a Erlenmeyer flask and sealed with a screw
cap. The Erlenmeyer flask was placed in a preheated oven and
kept at 100 °C for 24 h. After aging, the solution was separated
by centrifuging, six times washed by distilled water and three
times by acetone, and dried at ambient temperature. The yield
of orange-tan product was 2.162 g, 49%. The average particle
size is 250 nm in length and 55 nm in width. BET surface area
is21.7 m?/g. The product was confirmed mainly to be 8-FeOOH
by X-ray powder diffraction, in which the patterns were consistent
with literature.?® However, there was contamination of very smail
amount of cubic a-Fe;03 as determined by TEM and electron
diffraction.

Disperson of Rh on SiO;z. (a) Synthesis of 2.4 wt % Rh on
SiOz: A Schlenk flask was charged with 200 mg (3.33 mmol) of
SiO; spheres, 10 mg (0.023 mmole) of [(C;H):RhOEt];H,0 and
a stir bar under a N; atmosphere. Then, 20 mL of THF was
added. The suspension was dispersed by an ultrasonic cleaner
for a minute and stirred at room temperature in the dark for
about 30 min and was irradiated by a mercury lamp for 3 h. Then
the product was separated by filtration, washed with acetone,
and dried in air. The BET surface area is 13.7 m?/g.

(b) Synthesis of 11.8 wt % Rh on SiOg A Schlenk flask was
charged with 253 mg (4.21 mmol) of SiQ, spheres, 70 mg (0.164
mmol) of [(C:Hy):RhOEt]»HzO and a stir bar under a N,
atmosphere. Then, 20 mL of THF was added. The suspension
was dispersed by an ultrasonic cleaner for a minute and stirred
atroom temperature in the dark for about 1 h and was irradiated
by a mercury lamp for 1.5 h. The solution changed color from
yellow to black. Then the final black product was separated by
filtration, washed with acetone,and dried in air. A small amount
of black Rh was noticed at the inside of the Schlenk flask wall
where the light beam was incident.

Dispersion of Rh on 8-FeOOH. (a) Synthesis of 2.4 wt % Rh
on B8-FeOOH: A Schlenk flask was charged with 200 mg (2.25
mmole) of 3-FeOOH, 10 mg (0.023 mmol) of [(CH):RhOEt]»H;0
and a stir bar under a N, atmosphere. Then, 15 mL of THF was
added. The suspension was dispersed by an ultrasonic cleaner
for a minute and stirred at room temperature in the dark for
about 30 min and was irradiated by a mercury lamp for 2 h. The
product was separated by filtration, washed with acetone, and
dried in air. The BET surface area is 28.1 m?/g.

(b) Synthesis of 11.4 wt % Rh on 8-FeOOH: A Schlenk flask
was charged with 150 mg (1.69 mmol) of 8-FeOOH, 40 mg (0.0939
mmol) of [(C;H,);RhOEt]»H;0, and a stir bar under N,
atmosphere. Then, 15 mL of THF was added. The suspension
was dispersed by a ultrasonic cleaner for a minute and stirred
at room temperature in the dark for about 30 min and was
irradiated by a mercury lamp for 3h. The product was separated
by filtration, washed with acetone, and dried in air. The BET
surface area is 27.0 m?/g.

Studies of the Reaction Pathway. (a) Photolysis: Each of
three 5 mm NMR tubes was charged with 6 mg, 0.014 mmol of
[(C:Hy):RhOEt]»H0. In the first and second tubes, 30 mg,
0.338 mmol of 3-FeOOH and 30 mg, 0.499 mmol, of SiO; were
added, respectively. Then 0.35 mL of CgDg was added to all
three NMR tubes. The third NMR tube did not contain any
metal oxide and served as the control. The mixtures were
dispersed by immersing the NMR tubes in an ultrasonic cleaning
bath for 1 min and then irradiated with a Hg lamp for various
times. The changes in the reaction mixture were monitored as
a function of time by 'H NMR spectroscopy.

(b) Surface reaction: A Schlenk flask was charged with 200
mg, (2.25 mmol) of rod-shaped 8-FeOOH, 40 mg, 0.0939 mmol
of [(C:H,):RhOEt]>-H;0, and a stir bar. Then, 20 mL of THF
was added, and the suspension dispersed by immersion in an
ultrasonic cleaning bath. The mixture was stirred in the dark
for 1.5 h and filtered, and the residue washed with THF four
times and then redispersed in 10 mL of THF. The suspension
was again dispersed with an ultrasonic cleaner and irradiated
with a Hg lamp for 3h. The rod-shaped 8-FeOOH particles were
then separated by filtration, washed with acetone, and dried in
air. No visual color change was observed on the surface of the
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Figure 1. TEM of uncoated silica spheres.

particles, and energy-dispersive spectroscopy showed no evidence
for the presence of Rh.

Results and Discussion

Amorphous, spherical SiO; particles and rod-shaped,
crystalline 8-FeOOH were chosen as support materials.
Although the morphology of these materials does not give
rise to extremely high surface areas which are necessary
for catalytic applications, they were chosen because
relatively small, well-defined particles of each can be
prepared which aid characterization, particularly by
electron microscopy. Furthermore, 8-FeOOH is a pro-
totypical example of a thermally sensitive metal oxide
support. Rhodium was chosen as support material because
we are interested in examining methods to prepare highly
dispersed Rh particles via molecular routes for catalytic
applications related to coal liquefaction.

The SiO; particles were prepared by the literature
methods, and rod-shaped, crystalline 3-FeOOH supports
were prepared by the methods reported in the Experi-
mental Section. These materials were characterized by
microscopy and diffraction techniques prior to use. The
B-FeOOH particles were found to be single crystals as
determined by electron diffraction36-3? and found to exhibit
thermal dehydration behavior analogous to that reported
in the literature.®44¢ We observed that the morphology
of the rod-shaped 8-FeOOH particlesis retained on heating
to 400 °C for 3hin vacuo, but that the sample is thermally
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Figure 2. TEM of lower Rh content coated silica spheres.

dehydrated to form crystalline a-Fe;03. Highly dispersed
Rh particles on SiO; and g-FeOOH as supports were
prepared by irradiating a THF solution of [(C2H4)2Rh-
(OEt)]12-H50 compound!! with a UV source. It has been
demonstrated previously that this complex is photore-
duced to Rh. For each support material, an experiment
was carried out to disperse Rh particles on the surface
with both a low and a high weight % Rh.

A 2.4 wt % Rh solution of [(C2H,):Rh(OEt)]-H20 was
irradiated in the presence of a rapidly stirred THF
suspension of amorphous ~250-nm SiO; spheres. After
irradiation, the yellow solution became colorless and the
white silica spheres became gray and could be separated
from the solution by filtration. Transmission electron
micrographs of the silica spheres before and after pho-
tolysis are shown in Figures 1 and 2, respectively. After
photolysis, black particles with average particle size of
2-4 nm in diameter were uniformly dispersed over the
surface of the silica spheres. Energy-dispersive spectros-
copy (EDS) revealed the presence of silicon and rhodium.
The average rhodium loading of 1.3 wt % (EDS) was similar
to the value expected based on the solution Rh content.

In an experiment with a higher Rh content, TEM
revealed that the Rh particle dispersion was inhomoge-
neous, as shown in Figure 3. Agglomerates of ~2-nm-
sized rhodium particles were visible over the surface of
the silica spheres, probably due to the high concentration
of the rhodium precursor. EDS revealed that the average
rhodium loading in the homogeneous area was 16.3 wt %
and that the agglomerates were rhodium rich. Electron
diffraction exhibited a single diffuse ring with a d spacing
of 2.2 A, consistent with that of fcc rhodium metal. X-ray
powder diffraction of this sample showed the presence of
a broad peak corresponding to a d spacing of 2.2 A. After
heating to 400 °C for 2 h in vacuo, the peaks sharpened
and corresponded only to the peaks for fcc Rh. To establish
the homogeneity of these sample, they were examined by
scanning electron microscopy (SEM). These experiments
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Figure 3. TEM of higher Rh-content coated silica spheres.

4 WU PO
990513 26KV X30.0K 1.00un 000500 20Ky X38.8% 1.0bun

(b)

Figure 4. SEM data for Rh on SiO; for (a) low Rh and (b) high
Rh loadings. The high Rh loading sample was heated to 400 °C
in vacuo for 2 h.

revealed that the surface of the SiO; particles was
roughened compared to uncoated particles and that the
Si0; spheres were homogeneously coated. Typical mi-
crographs are shown in Figure 4. The resolution of the
scanning electron microscope was not sufficient to reveal
the presence of the low weight loading of Rh on the SiO,
spheres, although the presence of Rh could be detected by
EDS.

Two different rhodium loadings on single-crystal
B-FeOOH samples were prepared by similar methods as
described forsilica. Inboth cases, the color of the original
bright yellow solution changed to colorless after photolysis
and the yellow-orange powder changed to brown or brown-
black for low & high Rh loadings, respectively. Figure 5
shows the electron micrograph of the 8-FeOOH particles
before photolysis and Figure 6 and 7 show the 3-FeOOH
particles after photolysis for the low and high Rh loadings,
respectively. For the low weight loading sample, the
approximately 2-4-nm-sized Rh particles primarily ag-
gregated at the ends of the rod-shaped particles, see Figure
6. The weight loading of 2.4 wt % and the presence of Rh
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Figure 5. TEM of uncoated rod-shaped 5-FeOOH.

W

Figure 6. TEM for low weight-loading Rh-coated 8-FeOOH
particles.

were confirmed by EDS. For the higher Rh weightloading,
it can be seenthat black aggregates consisting of 2—4-nm-
sized particles were dispersed over the surface and the
ends of rodlike 8-FeOOH particles, Figure 7. EDS showed
the presence of rhodium and iron and the average rhodium
loading of 17.0 wt %, higher than the expected value of
11.4 wt % based on solution Rh content probably because
the Rh particles aggregate. The individual 8-FeOOH
particles were still crystalline, as shown by electron
diffraction for the upper right particles in Figure 7.
Electron diffraction (in a different location) also exhibited
a single diffuse ring at a d spacing of 2.2 A, corresponding
tofecrhodium metal. However, X-ray powder diffraction
of this sample exhibited only peaks due to 3-FeOOH. Low-
resolution SEM data for the two different Rh weight
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Figure 7. TEM and electron diffraction of high weight-loading
Rh-coated 8-FeOOH particles.

@ (b)

Figure 8. (a) SEM data for Rh on 8-FeOOH with (a) low Rh
and (b) high Rh loadings.

loadings on 3-FeOOH are shown in Figure 8. These
micrographs reveal macroscopic features of the samples
and show that the morphology of the 3-FeOOH has been
retained and that in the case of the high weight loading
that the Rh is confined to the surface of the particles. The
BET surface areas of the Rh-coated 3-FeOOH particles
were both higher than the uncoated materials.

In an attempt to resolve the issue of whether the
precursor is photochemically reduced in homogeneous
solution or after reaction with the support surface hydroxyl
groups, a number of control experiments were carried out.
Independent studies of the photolysis of [(CoH4)2Rh-
(OEt)]1»H50 in benzene-dg revealed the formation of
ethylene, ethanol, ethane and acetaldehyde by multinu-
clear NMR spectroscopy and 2-4-nm-sized rhodium
particles by TEM. The changesin the 'H NMR spectrum
of a solution of [(C2H4)2Rh(OEt)]2:H20 in benzene-dg as
a function of the irradiation time are shown in Figure 9.
The species formed can be explained by mechanisms
involving fundamental steps commonly associated with
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Figure 9. 'H NMR spectra showing the photochemical decom-

position of [(C;H,):Rh(OEt)]»H:0 in benzene-d; as a function
of the irradiation time.

Scheme I. Proposed Reaction Pathways That Can
Account for the Formation of the Byproducts
Observed on Photolysis of [(C.H,);Rh(OEt)];:H;0 in

Benzene-d;
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U ~0
Rh_ Rh “H,0 m. Rh H.0
N TN e T | R
crl,cn, CH;CH,
B-hydride ellminauonl
Rh + C;H, + CH,CHO cucu,
+ Migratory insertion \ /(l) /||
"<
“’CH:C\ Rll/ I/ SHZICI'I, \“
H

..l

Inmmm elimination
Rh + CH,CHO + CH,CH,0H + C;H,

Rh + CH,CH,

organometallic reactions, namely, 8-hydride elimination,
reductive elimination and migratory insertion as proposed
in Scheme 1.45 It seems likely that the chromophore is
associated with the Rh—ethylene bond since the corre-
sponding 1,5-cyclooctadiene complex, [(1,5-COD)Rh-
(OEt)]; is stable under similar photolysis conditions.
Furthermore, the complex [(C2Hy):Rh(Cl)];is significantly
less photolabile than [(CoHy):Rh(OEt)]»-H20, perhaps as
a result of the absence of 8-hydrogens in the case of the
chloride complex. The photodissociation of the coordi-
nated olefin ligand would produce a vacant coordination
site necessary for subsequent reactions. This is consistent
with the experlment.al observation that ethylene is rapidly
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liberated on photolysis; seg Figure 9. A comparison of the
rate of photochemical décomposition of [(CsH,)sRh-
(OEt)13-H20 in the presence or absence of SiQ; was made
by 'H NMR spectroscopy in C¢Dg solution. This study
revealed that the rate constants for the rate of loss of the
Rh starting material were similar, in the presence of SiOs,
0.028/min (t1/2 = 25 min), in the absence of SiO,, 0.024/
min, tyg = 29 min. When [(C:H):Rh(OEt)]>:H20 was
irradiated in benzene-dg solution in the presence of
8-FeOOH, the paramagnetism present resulted in exten-
sive broadening of all the peaks in the 'H NMR spectrum
and precluded comparison of the rates of photochemically-
induced decomposition in the presence and absence of
this support. However, analysis of the soluble byproducts
by !H NMR spectroscopy revealed that no starting material
remained and that byproducts identical to those observed
in control experiments were present.

To probe the nature of interaction of {(C:H):Rh-
(OEt)}2-H20 with the surface hydroxyl groups further, a
solution of the precursor and 8-FeOOH particles was
stirred in THF in the dark and then filtered. The
B8-FeOOH particles were then re-suspended in THF and
irradiated for 3 h. No color change was observed on the
surface of the particles, and no evidence for the presence
of Rh was observed by EDS. In other experiments, we
have demonstrated? that it is possible to observe the low
concentration of Rh present after reaction of a metal—
organic Rh molecule containing terminal alkoxide ligands
(((1,5-COD)Rh):Sn(OEt)g) with surface hydroxyl groups.
Inthis case, the bridging alkoxide groups may be less labile.

As a result of these observations, it seems most likely
that [(CoH4):Rh(OEt)12H0 photochemically decomposes
in homogeneous solution to form 2~4-nm sized Rh crys-
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tallites which subsequently adsorb on the metal oxide
support surface. This mechanism is quite different from
previous reports of the photochemically induced deposition
of metals on metal oxide surfaces described in the
introduction, where the chromophore is the metal oxide
surface, such as TiO,, rather than the metal-containing
precursor. Both methods of formation of metal particles
have their advantages and disadvantages. The advantage
of surface-induced photochemical decomposition is that
selective deposition on one surface in the presence of
another is possible. The advantages of photochemical
decomposition of the metal-organic precursor in homo-
geneous solution to produce metal particles on supports
are low temperature and the ability to disperse the metal
particles over the entire surface. This technique is
attractive for preparation of highly dispersed particles for
catalyst applications and other nanostructured materials.6
Further studies are in progress to determine the hydro-
genation activity of the materials described herein.
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