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A series of highly dispersed Rh-based materials have been pre-
pared by deposition of laser-generated gas-phase clusters onto an
industrial-grade alumina. While the diameter of the gas-phase
metal clusters could be kept at or below 1 nm, the average diameter
of the resulting supported Rh particles was always at least 1.5 nm.
The reaction of the clusters with either O2 or C2H4 failed to prevent
Rh aggregation on the alumina surface. The addition of O2 up-
stream of the Rh target was sufficient to form bulk Rh2O3, whereas
downstream addition of O2 or C2H4 to the Rh clusters was insuffi-
cient to form Rh oxide particles. Most of the Rh-containing particles
further aggregated during either sulfiding or HDS testing. Never-
theless, the resulting rhodium sulfides were comparable in activity
to sulfided, commercial Co–Mo or Ni–Mo catalysts on a per gram of
catalyst basis and superior on a per gram of metal basis. At low load-
ings (0.1 wt%), the cluster-derived catalysts were more hydrogen-
efficient than the commercial catalysts. c© 1997 Academic Press

INTRODUCTION

Over the past two decades, the study of the physical (1–
23), chemical (3, 4, 15, 23–35), electronic (5, 6, 17, 23, 36–
48), and magnetic (49–57) behavior of vapor-phase gen-
erated, subnanometer metal clusters has been a subject of
considerable interest to those in the fields of heterogeneous
catalysis and electronics nanofabrication. Metal clusters of
≤100 atoms (≤1-nm diameter) are of scientific importance
because the aforementioned properties change from pre-
dominately molecular to bulk in character as the clusters
grow in size (38).

Rhodium is a metal of particular interest to manufactur-
ers of catalysts for automotive exhaust and specialty chem-
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icals applications. However, Rh metal clusters have been
largely ignored by the metal cluster community, with the fol-
lowing exceptions. Kaldor and Cox (24) report a suprisingly
high H2 chemisorption on Rh clusters containing one or two
Rh atoms (H/Rh = 8) and no chemisorption of CH4 onto Rh
clusters of any size. Freiser (12) reports that alkanes from
C4–C10 undergo limited dehydrogenation over Rh+ ions
under electron impact conditions. Bloomfield and cowork-
ers (56–57) claim that Rh clusters exhibit giant magnetic
moments.

Laser vaporization has become the method of choice for
generating ligand-free metal clusters because it can be used
to evaporate even the most refractory metals (42, 58–64).
Our laser vaporization cluster source is unique in that the
metal of interest is vaporized from a metal target located
in a continuous flow of He. The vaporized metal (mostly
neutral atoms) is quickly quenched in He carrier gas, and
cluster growth occurs chiefly by atom addition, also known
as Ostwald ripening (65).

Several groups have deposited metal clusters onto low
surface area supports such as single crystals (66), micro-
scope grids (13–15, 66–68), and highly-oriented pyrolitic
graphite (69) in order to better characterize the metal clus-
ters. However, work describing the deposition of metal clus-
ters onto high surface area supports have not been reported,
and work describing the use of supported, ligand-free metal
clusters as catalysts has been rare (15, 70). Such work is crit-
ical if a link between the basic science of unsupported metal
clusters and applied catalysis is to be established. For clar-
ity, all future references to the term “cluster” will refer to
vapor phase metal, and references to the term “particle”
will refer to alumina-supported metal.

In this work, we used the laser vaporization method
to deposit small Rh metal clusters onto a high sur-
face area alumina and then tested sulfided versions of
these alumina-supported Rh particles as hydrodesulfur-
ization (HDS) catalysts in order to assess the following
issues:

(1) Is the size of supported metal particles governed
by the deposition process or by aggregation phenomena
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following either deposition, further synthesis steps, or
catalysis?

(2) If the size of supported metal particles is governed
by aggregation phenomena following deposition, does the
addition of reagent gases prevent this aggregation?

(3) What effect does the oxidation state of the metal pre-
cursor have on the eventual metal dispersion? Is an oxi-
dized metal precursor necessary to form a strong enough
metal–support interaction to keep the metal clusters from
migrating across the alumina surface to form larger metal
particles?

(4) What impact does metal particle size have on catalytic
behavior?

METHODS

Synthesis

Clusters were made by laser vaporization of a Rh target
located in a continuous flow of He gas using the appara-
tus shown in Fig. 1 (63–64). The target was formed from a
sheet of unknown purity rolled into a 0.25 inch diameter rod
(1 inch = 0.0254 m), with the resulting seam welded using
an electron beam. Mass spectrometry of clusters vaporized
from the Rh target indicated the presence of a 0.1 wt%
Fe + Fe oxide impurity. The vaporized metal (mostly neu-
tral atoms) was quickly quenched by He at 5–75 Torr pres-
sure (1 Torr = 133.3 N m−2). In some cases, O2 or C2H4 was
added to the flow stream in an attempt to form an oxide
or carbide coating, respectively. The reagent gas could be
added either upstream of the Rh target, in which case it is
present in the vaporization plasma, or downstream of the
Rh target. In most cases, the reagent gas was added near
the end of the cluster growth region, although some cluster

FIG. 1. Schematic of laser vaporization cluster source.

growth likely occurs subsequent to reagent gas addition.
Reaction times were typically 0.1–0.5 ms. Clusters exiting
a nozzle at the end of the flow tube were formed into a
molecular beam in high vacuum. The expansion out of the
nozzle increases the translational energy of the clusters and
decreases their internal energy. The translational energies
depend on both cluster size and the temperature of the clus-
ter source, which in our system can be varied from −170 to
150◦C.

The clusters were transported to a laser-ionization time-
of-flight mass spectrometer for cluster size determination.
The mass spectrometer is oriented perpendicular to the di-
rection of the cluster beam. After ionization by an ArF ex-
cimer laser, the clusters were directed onto an ion detector
by deflection plates located within the mass spectrometer.
Cluster translational energies were determined by model-
ing the ion trajectories with a simulation program (Mac-
Simion), using the deflection plate voltages that maximize
the ion signal for a particular cluster size. The internal en-
ergies of the clusters are more difficult to determine, since
the degree of expansion cooling cannot be measured. It is
likely that the clusters were somewhat cooler than the clus-
ter source temperature. The conditions used for the metal
cluster depositions are summarized in Table 1.

For the collection experiments, a baffled cylindrical bas-
ket (Fig. 2) capable of holding up to 2.5 g of alumina support
was positioned in front of the molecular beam. This basket
was rotated continuously to ensure uniformity of the col-
lected product. The support material was a gamma–alumina
synthesized from LaRoche V–GL boehmite by calcining in
1% O2/He (AGA) at 600◦C for 1 h. Following calcination,
the alumina had a surface area of 270 m2/g. The “s” in SR-1s,
SR-3s, and SR-7s (Table 1) means that the corresponding
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TABLE 1

Preparation of Materials

Channel length Helium pressure Deposition time Cluster source temperature Reagent gas
Code Composition (mm) (Torr) (h) (◦C) (mTorr)

SR-1 Fresh 0.1% Rh/Al2O3 21.1 20.0 1.0 20 None
SR-1s Spenta 0.1% Rh/Al2O3 21.1 20.0 1.0 20 None
SR-3 Fresh 0.5% Rh/Al2O3 27.5 7.8 3.5 −160 None
SR-3s Spenta 0.5% Rh/Al2O3 27.5 7.8 3.5 −160 None
SR-4 Fresh 0.5% RhOx/Al2O3 27.5 7.8 2.3 −160 O2 (6.9)
SR-5 Fresh 0.5% Rh/Al2O3 21.1 7.8 2.5 −160 None
SR-6 Fresh 0.5% Rh/Al2O3 21.1 7.8 2.5 −160 C2H4 (71.3)
SR-7 Fresh 0.5% Rh/Al2O3 27.5 75.0 0.6 20 None
SR-7s Fresh 0.5% Rh/Al2O3 27.5 75.0 0.6 20 None
SR-8 Fresh 0.5% RhOx/Al2O3 21.1 7.8 3.5 −160 O2 (27)b

a Spent (or s as in SR-1s) = Sulfided in 5% H2S/H2 at 400◦C for 2 h, then used for dibenzothiophene hydrodesulfurization.
b Oxygen added upstream of the target causes formation of bulk Rh oxide clusters, as opposed to surface coating of oxide for SR-4 and

carbide for SR-6.

SR-1, SR-3, and SR-7 have been sulfided and used as a
hydrodesulfurization (HDS) catalyst.

Transmission Electron Microscopy

Approximately 0.01 g of cluster/alumina material was
placed into a vial containing ∼10 ml of isopropanol. After
sonicating for 30 min, several drops of the resulting slurry
were pipetted onto 3 mm holey carbon on Cu grids. Once
dry, the grids were inserted into nontilt holders and loaded
into a JEOL 4000EX II (line-to-line resolution = 0.14 nm;
point-to-point resolution = 0.17 nm). Only regions over-
hanging holes in the carbon grid were used. The micro-
graphs were in all cases taken at magnifications of either
150,000x or 500,000x.

After scanning in the micrographs at 400 dpi using a
Silverscan II scanner, the measuring tool function in Im-
age 1.59 was used to determine the particle diameters.
The distances have been referenced to those for the {111}
or {400} planes of γ -Al2O3 (a = 0.792 nm, Ref. (71)) and
cross-referenced with the {111} or {200} planes of Rh (a =
0.381 nm, Ref. (71)) examined at 500,000x and scanned in

FIG. 2. Schematic of rotating basket target. Metal clusters impinge
on alumina powder inside the basket. The basket is baffled and nearly full
during deposition to improve homogeneity.

at 600 dpi. This degree of accuracy, when combined with
the distribution of planes observed throughout the mate-
rial, was sufficient to make phase and plane identifications
but was insufficient to detect any change in lattice param-
eter between the surface and bulk of the supported phase.
Scale markers placed on the micrographs are accurate to
within 3%.

Catalytic HDS Testing

The laboratory scale liquid-phase continuous-flow HDS
unit is shown schematically in Fig. 3. The reactor consisted
of a thick-walled 0.375′′ ID 316 SS tube, with the catalyst
diluted with nonporous tabular alumina (LaRoche T-1061)
sitting between plugs of quartz wool. Beneath the lower
plug was a 0.125′′ ID, 0.375′′ OD deadman used to mini-
mize volume between the reactor and the liquid receiver.
The liquid test feed consisted of 1.0 wt% sulfur (as diben-
zothiophene or DBT), dissolved in hexadecane and is rep-
resentative of a middle distillate oil. All liquid-filled lines
were heated to at least 50◦C. Typical conditions for catalytic
testing are summarized in Table 2.

The liquid products (typically 60 g/h) were weighed to
permit later determination of mass balance closure. A small

TABLE 2

HDS Pilot Plant Operating Conditions

Liquid velocity = 0.25–1.00 g/min. Pressure = 400 psig (1 psi
= 6895 N m−2)

Gas velocity = 700 cc/min. Preheater temperature = 300–500◦C
H2/H2S/N2 = 5/0/2 Furnace temperature = 200–400◦C
Catalyst loading = 0.5–1.0 g Catalyst temperature = ∼30◦C

less than furnace
Tabular alumina diluent Liquid feed = 1.0 wt% S as

= 2.5–3.0 g dibenzothiophene
Liquid hourly space velocity (DBT) in normal hexadecane

= 5–40
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FIG. 3. Schematic of pilot plant hydrodesulfurization (HDS) catalyst testing unit.

aliquot (∼1 g) and a vial (∼20 g) of product was saved for
later analysis. From the small aliquot, 100 mg of product
was diluted to 10 ml with hexane, of which 30 µl was di-
luted further with hexane to 1.00 ml for gas chromatograph–
mass spectrometric (GC–MS) analysis. The diluted prod-
ucts were separated using a DB5-MS column and analyzed
using an HP 5890 GC–MS Series II Plus. Random errors as-
sociated with GC–MS concentration measurements were
less than 5%, and the reproducibility of conversion mea-
surements was ±15% of the reported values. Biphenyl yield
has been defined as the number of moles of biphenyl prod-
uct divided by the initial number of moles of dibenzoth-
iophene. Selectivity has been defined as the percentage
of biphenyl (the selective HDS product from dibenzoth-
iophene) divided by the percentage of dibenzothiophene
converted.

For comparison purposes, commercially available oxi-
dized Co–Mo (Crosfield 465) and Ni–Mo (Crosfield 504), as
well as 1 and 10% RhSx/Al2O3 catalysts prepared here, were
also tested for HDS activity. The RhSx/Al2O3 (1 and 10%
wt% Rh metal) catalysts were prepared from the incipi-
ent wetness impregnation of RhCl3 · 3H2O (99%, Alfa) into
calcined LaRoche V–GL boehmite, followed by a second
calcination at 600◦C for 1 h in 1% O2/He. The Crosfield 465,
Crosfield 504, and 1 and 10% RhSx/Al2O3 reference cata-
lysts were first calcined at 600◦C for 1 h in 1% O2/He, cooled
to room temperature under N2, and stored in a N2-purged

glovebox for later use. The pretreatment schedule for both
the Rh metal cluster-derived catalysts and the reference cat-
alysts consisted of loading into the HDS reactor under N2,
purging in N2 at 20◦C for 30 min at 1000 cm3/min., drying in
N2 at 150◦C for 60 min and at 400◦C for 60 min, and finally
sulfiding in a 5% H2S/H2 mixture at 400◦C for 2 h prior
to use.

Temperature-Programmed Reduction

The hydrodesulfurization activities of a wide range of
transition metal sulfides correlate with the ease of reduction
of surface-bound sulfur (72). One way to determine the
reducibility of a material is to heat the material at a fixed
heating rate in the presence of H2 and monitor the off-gases
using either a thermal conductivity detector (used here)
or a mass spectrometer. Such an experiment is hereafter
referred to as temperature-programmed reduction.

Approximately 0.10 g of spent catalyst was placed into
a 0.25′′ ID stainless steel U-tube in between plugs of
quartz wool and attached to an Altamira AMI-1 dynamic
chemisorption apparatus. The pretreatment protocol con-
sisted of purging in Ar at 35◦C for 1 h, drying in Ar at 150◦C
for 1 h, heating in Ar to 500◦C for 1 h, cooling in Ar to 450◦C,
reducing in H2 at 450◦C for 1 h, purging in Ar at 500◦C, and
cooling to 35◦C in Ar. The temperature-programmed re-
duction (TPR) experiments for each catalyst consisted of
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H2 chemisorption at 35◦C and 60 sccm for 1 h, followed by
TPR at 10◦C/min.

RESULTS

Mass Spectrometry of Gas Phase Clusters

Figure 4 displays the distributions of gas phase metal clus-
ters used for the synthesis of the materials listed in Table 1.
The mean size of the clusters used to generate the SR-1
material was extremely small (∼35 atoms), whereas for the
SR-3 material, the clusters were far larger (∼200 atoms).
Although there were several variables that were different
between these runs, the reason most likely responsible for
the larger clusters used to generate the SR-3 material was
the use of the longer channel length between the metal tar-
get and exit nozzle. The key to generating small clusters was
keeping the channel length short. Varying the temperature
between cryogenic (SR-5) and room (SR-1) temperature
had little, if any, effect on cluster size. The addition of O2

(SR-4) or C2H4 (SR-6) reagent gas downstream of the clus-
ter source did not significantly influence cluster size either.
However, mass spectrometry of the clusters generated in
the SR-4 and SR-6 runs indicated the presence of one oxy-
gen (or carbon) atom per surface Rh atom, respectively.

FIG. 4. Size distribution of Rhn clusters for (s) SR-1, (¤) SR-3, and
(m) SR-5 materials generated during metal cluster deposition.

Nonmetal incorporation into the clusters downstream of
the Rh target was kinetically limited.

The cluster size distributions were fitted using the log-
normal distribution (Eq. [1]) using the commercially avail-
able program PeakFit (Jandel Scientific)

fLN(x) = 1
(2π)0.5 ln(σ )

exp
(−[ln(x/x̄)]2

2 ln2(σ )

)
, [1]

where x is a given diameter, fLN(x) is the log-distributed
probability density function, x̄ is the log-mean diameter,
and σ is the geometric standard deviation (73). Using this
definition, one can show that the geometric standard devi-
ation is equal to the diameter corresponding to a cumula-
tive probability of 0.8413 divided by the log-mean diame-
ter. Granqvist and Buhrman (73) have shown that Eq. [1]
can be derived from particle coalescence theory, which is
valid for all but the narrowest particle size distributions
(σ < 1.2). For clusters or particles which grow via Ostwald
ripening, the log-normal distribution has no theoretical jus-
tification. Nevertheless, Granqvist and Buhrman (73) have
shown that distributions of clusters or particles grown by
Ostwald ripening can be empirically fit to a good approxi-
mation with a log-normal distribution. We have chosen to
fit both the vapor phase metal cluster sizes and alumina-
supported metal particle sizes with the log-normal distri-
bution so as to emphasize differences in the breadths of
the respective particle size distributions. The mass spectral
data show that the metal cluster size distributions are nar-
row (σ < 1.2), implying an Ostwald ripening growth mech-
anism.

Transmission Electron Microscopy

Particle size distributions were constructed by grouping
the data into logarithmically evenly spaced bins ranging
from 0.17 to 100 nm and then fit with one or two log-normal
distributions as defined by Eq. [1]. The use of two log-
normal distributions to describe the data was avoided ex-
cept when absolutely necessary. The log means, geometric
standard deviations, area percentages (for materials requir-
ing two log-normal contributions), and numbers of particles
counted are summarized in Table 3. The errors reported in
Table 3 are standard deviations in the curve fit approxima-
tions to a given parameter and should not be confused with
the actual errors in the particle size measurements. Wanke
et al. (74) have shown that the sensitivity of particle size
to defocus causes the reliability of size measurements for
particles less than 2.5 nm (for 100 kV microscopes) to be
unreliable. For 400 kV transmission electron microscopes
such as the JEOL 4000EX II used in this work, size measure-
ments for subnanometer particles must likewise be treated
with caution, especially when one is dealing with a sup-
ported material. To ensure that the particle size data was as
meaningful as possible, we took the following precautions:



              
CLUSTER-DERIVED Rh HDS CATALYSTS 299

TABLE 3

TEM Particle Sizes

Log mean(s)
Material (nm) G.S.D.(s)a Area % Number of particles

SR-1
1.89 ± 0.04 1.43 ± 0.02 64

228
6.8 ± 0.7 1.32 ± 0.10 36

SR-1s
2.3 ± 0.3 1.37 ± 0.11 19

173
7.3 ± 0.4 1.32 ± 0.05 81

SR-3 2.01 ± 0.05 1.85 ± 0.02 100 460

SR-3s
2.0 ± 0.4 1.47 ± 0.15 18

293
5.4 ± 0.3 1.35 ± 0.04 82

SR-4
0.44 ± 0.03 1.26 ± 0.07 3

593
1.93 ± 0.05 1.59 ± 0.03 97

SR-5
0.52 ± 0.04 1.29 ± 0.09 5

430
1.85 ± 0.10 1.67 ± 0.06 95

SR-6
0.53 ± 0.02 1.19 ± 0.03 3

1048
1.99 ± 0.04 1.66 ± 0.02 97

SR-7 7.8 ± 0.7 1.34 ± 0.06 100 249
SR-7s 9.1 ± 1.0 1.33 ± 0.06 100 186

SR-8
0.48 ± 0.04 1.29 ± 0.08 4

632
3.0 ± 0.2 1.47 ± 0.05 96

Note. Reported errors are standard deviations of the curve fit approx-
imations to a given parameter.

a G.S.D. = Geometric Standard Deviation = dimensionless measure of
the breadth of the particle size distribution which can be determined by
dividing the diameter corresponding to 84.13% probability by the log-
mean diameter.

(1) In all cases, more than 100 particles were examined for
each sample (Table 3). (2) Only Rh particles near the edges
of the alumina particles were counted. (3) Histograms of
the particle size distribution data shown later in this sec-
tion include 95% prediction intervals, meaning that 95%
of the points used to construct the curve fit approxima-
tions to the histograms must lie between the dashed lines.
While we agree with Wanke et al. (73) that the reliability
of an individual particle size measurement is questionable,
our counting statistics do reliably allow us to determine
whether or not a peak in the particle size distribution com-
posed of subnanometer particles is real or not. For example,
in Fig. 10, the small particle peak for SR-5 is clearly real,
whereas a similar peak for SR-1 is not justified. In addition,
the lack of scattering in the data contained in Figs. 10–12
provides strong evidence that reliable subnanometer parti-
cle size distribution information can be obtained when the
aforementioned precautions are applied. However, the in-
herent uncertainty of individual particle size measurements
does manifest itself by making the particle size distribution
broader than it would otherwise be.

For convenience, we have included Eq. [2] to describe the
relationship between Rh particle diameter (in nm) and the
number of Rh atoms, where molecular weight is in g/mol
and density in g/cm3:

d(nm) = (No. of atoms) ∗
[

1021 ∗ (MW)

(ρ)(NAV)1/3

]
. [2]

FIG. 5. TEM micrograph of SR-1.

Equation [2] assumes that the particles were spherical and
of face-centered cubic structure. The micrographs con-
firmed that these were reasonable assumptions.

Representative microscope regions from each of the Rh-
containing materials are shown in Figs. 5–9. The Rh particle
size distribution of SR-1 was distinctly bimodal. Most of the
particles in SR-1 were roughly 2 nm in size, but a significant
minority of the particles was substantially larger (4–10 nm).
The size distribution of the Rh particles in the SR-3 material
was more uniform and once again about 2 nm in size. Most
of the particles in the SR-4 material were also 2 nm in size,
but there was also a statistically significant group of particles
which were 0.3–0.6 nm.

The lattice fringe images (e.g., Fig. 7) of some of the
larger particles in the materials prepared without reagent
gas or exposure to sulfiding/HDS clearly indicated that the
bulk structure of materials was face-centered cubic metal-
lic rhodium. Transmission electron microscopy allowed us
to say that the small amount of oxygen added in the SR-4
run was clearly insufficient to transform the Rh metal par-
ticles into a stoichiometric oxide. However, the insertion

FIG. 6. TEM micrograph of SR-3.
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FIG. 7. Enlargement of Fig. 6 (SR-3) to show Rh face-centered cubic
structure.

of carbon atoms into a Rh metal lattice during the SR-6
run would not sufficiently perturb the lattice framework
for TEM to conclusively distinguish between Rh metal and
Rh carbide phases.

Sulfiding and use as an HDS catalyst caused most of the
particles in the SR-3s material to aggregate. None of the
particles we examined from any of the sulfided materials
(Fig. 8) were crystalline. Energy dispersive spectroscopy on
the same grid of particles (using a JEM 100cx microscope)
revealed that the S/Rh ratio was 1.4 ± 0.2, which suggests
that the sulfiding was a bulk sulfiding to Rh2S3.

The particle size distribution data (points), the computer
fit of the data (solid line), and the 95% prediction intervals
(dashed lines) are shown for all the materials synthesized

FIG. 8. TEM micrograph of SR-3s.

FIG. 9. TEM micrograph of SR-4.

in Figs. 10–12. This 95% prediction interval defines the con-
fidence interval for an individual curve fit. The abscissa of
these histograms has been scaled logarithmically to make
the particle size distributions appear Gaussian. By compar-
ing the particle size distributions for SR-1 (20◦C) and SR-5
(−160◦C), one can see that cryogenic cooling did help to
limit metal aggregation (Fig. 10). However, by comparing
the results of SR-3 and SR-5, one can see that despite the
large difference in cluster sizes for these runs, the parti-
cle size distributions were nearly independent of channel

FIG. 10. The TEM particle size distributions of (¥) SR-1, (¤) SR-3,
and (m) SR-5 illustrate the attempts to synthesize subnanometer Rh par-
ticles. The vertical axis is probability density on a linear scale, and the hor-
izontal axis is particle diameter on a logarithmic scale. Solid and dashed
curves indicate the data fits and 95% prediction intervals, respectively.
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FIG. 11. The TEM particle size distributions of (¤) SR-3, (s) SR-4,
and (n) SR-6 illustrate the effect of reagent gas on the aggregation of Rh
particles on the alumina surface. The vertical axis is probability density on
a linear scale, and the horizontal axis is particle diameter on a logarithmic
scale. Solid and dashed curves indicate the data fits and 95% prediction
intervals, respectively.

length (Fig. 10). Adding either oxygen or ethylene down-
stream of the Rh target had little effect on particle size
(Fig. 11). No face-centered cubic metal could be observed
for the sulfided materials. The sulfiding caused a marked
increase in particle size (Fig. 12).

The particle size distributions frequently consisted of a
small, narrow peak centered at 0.5 nm and a much broader
peak centered at 1.8–3.0 nm. These results suggest that
only a few (3–5%) of the particles were derived from sub-
nanometer clusters which did not aggregate on the alumina
surface. The breadth of the peaks centered at 1.8–3.0 nm
(σ > 1.2) were evidence that the larger particles were de-
rived from aggregation of smaller clusters on the alumina
surface.

HDS Activity Results

The SR-1, SR-3, and SR-7 materials were sulfided and
then tested for the desulfurization of 1.0 wt% dibenzo-
thiophene (DBT) in hexadecane, after which they were re-
ferred to as SR-1s, SR-3s, and SR-7s, respectively. Under all
conditions tested, the HDS activities leveled off after 2 h
on stream but were mass transfer limited, especially below
350◦C. These mass transport limitations were controlled
by the degree of aggregation of the oil and were catalyst-
independent. At space velocities typical of those used in in-
dustrial hydrotreating units, we have observed similar trans-
port limitations for a wide variety of sulfide catalysts and
will describe these results in an upcoming paper (75).

The activities and selectivities were superior to a
conventionally-prepared RhSx/Al2O3 catalysts and com-

mercial alumina-supported Co–Mo and Ni–Mo sulfides on
a per gram of metal basis (Table 4). However, on a per
gram of catalyst basis, the activities for the vapor-deposited
materials were slightly less than those for the commercial
catalysts (Table 5).

The SR-1s material synthesized by metal cluster deposi-
tion showed a moderate activity even at 250◦C (Table 5).
More importantly, the SR-1s catalyst was extremely selec-
tive to biphenyl, indicative of excellent hydrogen economy.
In fact, at 250◦C, biphenyl was the only product observed.
It was hoped that by increasing the Rh loading that the
activity of materials generated by metal cluster deposition
would be equal or superior to commercial, sulfided Co–Mo
and Ni–Mo catalysts. Unfortunately, not only was the ac-
tivity per gram of catalyst of the SR-3s material even lower
than the SR-1s material, but the selectivity to biphenyl was
poorer as well. In order to assess whether a particle size
effect might explain the relatively poor catalytic proper-
ties of SR-3s, cluster deposition parameters were chosen
to generate a Rh/Al2O3 SR-7 material with much larger
Rh particles. The large particle-containing SR-7 material,
after sulfiding, was found to be both very active and highly
selective to biphenyl.

Temperature-Programmed Reduction

Temperature-programmed reduction spectra for the sul-
fided Rh-containing SR-1s and SR-3s materials, as well as

FIG. 12. The TEM particle size distributions of (¤) SR-3 and (d)
SR-3s illustrate the effect of sulfiding on particle aggregation. The verti-
cal axis is probability density on a linear scale, and the horizontal axis is
particle diameter on a logarithmic scale. Solid and dashed curves indicate
the data fits and 95% prediction intervals, respectively.
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TABLE 4

HDS Activities

HDS activity (Biphenyl selectivity) g DBT converted/
g metal–h (% biphenyl in product)

Catalyst 400◦C 350◦C 300◦C 250◦C

SR-1s 30.0 (90) <5.0 (100)
SR-3s 8.8 (50) 4.0 (23) <1.0 (40)
SR-7s 18.0 (80) 12.0 (85) 3.6 (88) 1.0 (90)
1% RhSx/Al2O3 2.0 (55) 0.80 (52)
10% RhSx/Al2O3 0.86 (64) 0.30 (66)
Crosfield 465 0.82 (80) 0.56 (91) 0.20 (85) <0.05 (90)

(Co–Mo)
Crosfield 504 0.98 (44) 0.58 (46) 0.27 (76) 0.10 (55)

(Ni–Mo)

HDS activity (Biphenyl selectivity) g DBT converted/
g surf. Rha–h (% biphenyl in product)

Catalyst 400◦C 350◦C 300◦C 250◦C

SR-1s 86 (90) <14 (100)
SR-3s 18 (50) 8 (23) <2 (40)
SR-7s 140 (80) 94 (85) 28 (88) <8 (90)

a Surface Rh as measured before sulfiding by H2 chemisorption at
−78◦C.

those for the Crosfield 465 and 504 catalysts, were quite sim-
ilar to those reported by Mangnus et al. (72) for alumina-
supported Rh and Co/Mo sulfides and, therefore, have not
been shown. Mangnus et al. have correlated increasing thio-
phene HDS activity with ease of reduction of surface-bound
sulfur in a wide variety of sulfide HDS catalysts (72). From
Table 5, one can see that the temperatures of peak maxima
for the reduction of surface-bound sulfur in our materials
are consistent with those reported by Mangnus et al. (72).

TABLE 5

Reduction Temperature of the Sx Species and DBT
Hydrodesulfurization Conversion

Temperature HDS Activityb

max Sx
a (mg DBT converted/

Catalyst (◦C) g cat-h)

SR-1s 430 30
SR-3s 465 20
10% RhSx/Al2O3 455 30
Rh/Al2O3 (Mangnus et al.)c 450
Crosfield 465 (Co–Mo) 400 56
Co–Mo/Al2O3 (Mangnus et al.)c 400
Crosfield 504 (Ni–Mo) 410 58

a Temperature corresponding to maximum rate of reduction of
surface-bound sulfur.

b Dibenzothiophene (DBT) hydrodesulfurization activities mea-
sured at 350◦C.

c Mangnus, P. J., Riezebos, A., van Langeveld, A. D., Moulijn, J. A.,
J. Catal. 151, 178 (1995).

DISCUSSION

Nanoscale Particles

The Rh particle size determined by electron microscopy
of the SR-1 sample was far larger than the 50-atom metal
clusters generated by laser vaporization, indicating that de-
spite their very low loading (0.1 wt% Rh), the Rh metal clus-
ters deposited at room temperature had agglomerated on
the alumina substrate. In an attempt to reduce or eliminate
agglomeration, it was decided to reduce the temperature of
the cluster source, minimizing both the clusters’ internal en-
ergy and translational energy with which the clusters strike
the target. The helium pressure was also reduced to keep
constant the diffusional loss of metal atoms to the wall of the
flow-tube. This makes the cluster growth rate roughly inde-
pendent of temperature and leads to cluster size distribu-
tions that are also temperature independent. A comparison
of the SR-1 and SR-5 distributions in Fig. 4 demonstrates
that, under these conditions, comparable cluster sizes can
be made at quite different temperatures. The effect of re-
duced temperature on the clusters’ translational energy
per metal atom is shown in Fig. 13. The translational en-
ergy of a 35-atom cluster, for example, was reduced from
14.9 eV for SR-1 to 6.5 eV for SR-5 (1 eV = 1.602 × 10−19

J). Measurements of the clusters’ internal energy are
not available, although the clusters’ internal tempera-
ture is expected to be roughly proportional to the source
temperature.

FIG. 13. Relationship between kinetic energy per Rh atom and Rh
cluster size for (¥) SR-1, (¤) SR-3, and (d) SR-5.
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Particle size distributions for SR-1 and SR-5 as measured
by electron microscopy were essentially the same, averaging
about 2 nm, indicating that reducing the clusters’ internal
and translational energy has little or no effect on the result-
ing agglomeration. Since the loading (deposition time) in
SR-5 was considerably greater than in SR-1, surface loading
does not seem to affect the final size of the agglomerated
clusters. This result suggests that, once clusters reach a size
of about 2 nm, they become immobile on the surface.

Increasing the channel length in the cluster source at con-
stant source temperature and pressure had a dramatic effect
on the gas phase cluster size distribution. SR-3 and SR-
5 had the same temperature and pressure, but the longer
channel length for SR-3 increased the average cluster size
from 35 atoms to 200 atoms (roughly 2 nm in size). The elec-
tron microscopy analysis indicated a distribution centered
around 2 nm for SR-3, again suggesting that 2 nm particles
do not agglomerate on the surface, in agreement with the
above conclusion.

Effect of Reactant Gas

Given that we were unable to stabilize subnanometer
neutral Rh particles, we then tried to generate partly ox-
idized or carburized Rh clusters. The goal of these exper-
iments was to determine whether or not deposition of a
Rh-containing species in a nonzero oxidation state would
prevent migration of subnanometer Rh-containing parti-
cles across the alumina surface, with the hope that these
particles could be reduced to metallic Rh at a later time
(e.g., prior to catalysis).

The effect of adding O2 (SR-4) and C2H4 (SR-6) as a
reagent gas was small (Fig. 11). Most of the particles were
still near 2 nm in diameter. In addition, a small but statis-
tically significant shoulder was present at 0.3–0.6 nm for
the materials prepared using reagent gases. These shoul-
ders were also observed in the mass spectrum for the SR-3
material. Based on a comparison of the mass spectra of the
Rh clusters and the diameters of the alumina-supported
Rh particles, it appeared that the presence of O2 and C2H4

helped stabilize some, but clearly not many, of the small-
est clusters deposited on the alumina support. For the most
part, however, the addition of reagent gases following ther-
malization of the Rh clusters did little to decrease the av-
erage diameter of the supported Rh particles.

By adding O2 upstream of the metal target, we grew RhOx

clusters in our final experiment (SR-8). Electron diffraction
on some of the largest of the alumina-supported SR-8 par-
ticles were consistent with Rh2O3. However, these Rh2O3

particles in SR-8 were larger (3.0 nm) than in any of the
seven previous runs. It was hoped that an oxidized Rh
cluster would anchor itself on the alumina support more
strongly and thus prevent aggregation of the precious metal.
However, the Rh oxide clusters grew so rapidly prior to de-
position that there was no chance of generating subnanome-

ter Rh oxide particles by adding oxygen upstream of the Rh
target. Rapid nucleation and growth was also recently re-
ported for neutral Mn oxide clusters (76).

Particle growth for all Rh clusters, regardless of oxidation
or carburization treatments, continued until the particles
reached a critical size of about 1.5–2.0 nm. Not coinciden-
tally, this diameter corresponded to the point at which the
translational energy per atom of the incoming Rh clusters
reached a plateau (Fig. 13). At smaller diameters, there is
still a driving force in translational energy for aggregation
in the vapor phase. This driving force appears to extend to
the solid phase (Al2O3-supported Rh).

Conventional methods for the preparation of supported
metals involve either impregnation or spray-drying of an
aqueous metal salt precursor into the support. The oxida-
tion state of the metal in the metal salt is always positive.
In contrast, the experiments discussed in this section in-
volved the deposition of neutral (metallic) clusters onto an
alumina support. We then asked ourselves what differences
we would expect if we vapor deposited Rh+3 clusters onto
an alumina support. Since the helium carrier gas supplies
much of the translational energy to the clusters, the pri-
mary difference between the translational energy per atom
(or ion) would be due to the increased collisional cross sec-
tion for the ionic species. Our calculations suggest that the
difference in collisional cross section is only significant for
clusters less than 50 atoms large, and, thus, we would ex-
pect aggregation of ionic Rh clusters to 1.5–2.0 nm just as
we have observed for the neutral metal clusters.

Effect of Sulfiding/HDS

The combined effects of sulfiding and use of the SR-3
material as an HDS catalyst had a dramatic effect on the
Rh particle size distribution. From Fig. 12, by comparing
the particle size distributions of SR-3 and SR-3s, one can
see that only a small fraction of the starting material re-
mained at 2-nm diameter and that most of the sulfided Rh
had agglomerated to form larger particles (3–9 nm).

Particle Size Dependence on HDS Catalytic Properties

A trend between ease of reduction and HDS activity has
already been reported (72). We observed the same trend for
both the Rh-containing materials and sulfided commercial
catalysts (Table 5). The low-loaded SR-1s material, com-
posed of both 2- and 7-nm spherical particles, was somewhat
more active and far more selective than the much higher-
loaded SR-3s material, which was comprised of a mixture
of 2- and 5-nm particles. The SR-7s material, composed of
9-nm particles, was quite active and selective.

The simplest interpretation of these results is that the
smaller particles were less effective for hydrodesulfur-
ization of dibenzothiophene than the larger particles. In
fact, a concurrent study of dibenzothiophene (DBT) hy-
drodesulfurization over supported nitrides and carbides has
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suggested that small particles are less active for HDS than
larger particles (75). These results prompt the question of
how the adsorption energetics of DBT onto a spherical sur-
face vary as a function of particle size (radius of curvature)
and will be the subject of ongoing work.

Such particle size dependences on HDS activity have not
been reported for Mo-based sulfide catalysts. Even though
the Mo sulfide domains can be very highly dispersed, the
raft-like structure of MoS2 is typically a nearly flat surface
and always conforms to the morphology of the underly-
ing support. However, recent work by Datye et al. (77)
on MoS2/TiO2–SiO2 suggests that pyridine hydrodenitro-
genation (HDN) is faster on MoS2 domains with radii of
curvature ranging from 2–5 nm. The HDN selectivities in
Datye’s experiments indicated that the direct denitrogena-
tion of the C==N bond was quite slow compared to the path-
way initiated by ring hydrogenation (HYD), which implies
that the pyridine is π -bound to the Mo sulfide surface. Both
the structures of organometallic clusters with dibenzothio-
phene (DBT) ligands (78–82) and the HDS selectivity re-
sults for Mo/Al2O3 (83–85), Co–Mo/Al2O3 (86), Ru/Al2O3

(87–88), and Rh/Al2O3 sulfide catalysts (75) indicate that
dibenzothiophene binds through the sulfur atom to these
catalysts.

CONCLUSIONS

A series of highly dispersed Rh-based materials have
been prepared by deposition of laser-generated clusters
onto an industrial-grade alumina. While the diameter of the
growing rhodium clusters could be kept at or below 1 nm,
the average diameter of the resulting supported Rh parti-
cles was always at least 1.5 nm. The reaction of the clusters
with either O2 or C2H4 prior to deposition failed to prevent
Rh aggregation. In all cases, lattice fringe images of the Rh-
containing particles suggested that the bulk structure was
metallic Rh, even when O2 or C2H4 was added downstream
of the Rh target. Surprisingly, Rh oxide clusters aggre-
gated to form larger particles than Rh metal clusters under
otherwise identical conditions.

Most of the Rh-containing particles further aggregated
during either sulfiding or HDS testing. Nevertheless, the
resulting Rh sulfides were comparable in activity to sul-
fided, commercial Co(Ni)–Mo catalysts on a per gram of
catalyst basis and far superior on a per gram of metal basis.
In addition, the vapor-deposited Rh sulfide catalysts were
more hydrogen-efficient at low loadings. The most active
and selective materials were composed of larger Rh sulfide
particles.
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