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We have achieved the synthesis of ZrO2-supported Rh particles with sub-nanometer dimensions and very
narrow particle size distributions using G4OH-PAMAM dendrimers as templates. The different steps of
this process were characterized by EXAFS and HRTEM measurements. The results indicate that partially
hydrolyzed Rh3+ species in an aqueous solution can interact with amide/amine groups in the interior of
G4OH dendrimers to form (Rh3+)x-G4OH complexes. Rh3 clusters were subsequently formed in the same
solution following room temperature reduction of the (Rh3+)x-G4OH complexes with NaBH4. These Rh3

clusters can be delivered intact on the surface of the ZrO2 support. The formation of highly dispersed
and nearly uniform Rh particles with sizes below 1 nm was observed following thermal removal of the
dendrimer component. The structure-sensitive reaction of ethane hydrogenolysis was used for the eval-
uation of Rh/ZrO2 samples with different metal particle sizes. A substantial decrease in turnover fre-
quency was observed when the particle diameter decreased below 1.5 nm, consistent with
mechanistic explanations advanced previously in the literature for this reaction.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Supported mono- and bi-metallic catalysts are routinely used in
large-scale catalytic processes, with examples including but not
limited to automotive emission control, naphtha reforming, and di-
rect methanol fuel cell applications [1–3]. In such catalysts the ac-
tive metal component is typically dispersed over a high surface
area support and its catalytic behavior can be affected by the size
and shape of the metal nanoparticles formed, as well as their inter-
actions with the support.

Catalysts incorporating supported metal nanoparticles with
sizes below 1 nm have been classified in the past as an unexplored
domain of catalytic materials, which are challenging to prepare
and characterize [4]. More recent advances in the use of carbonyl
or organometallic cluster precursors have allowed for the prepara-
tion of highly dispersed materials with nearly uniform sizes of me-
tal clusters, and have shown – both experimentally and
theoretically – that the physical and chemical properties of these
materials can be substantially different from those of bulk metals
[5–10]. Such properties can be induced by either geometric or elec-
tronic effects, both of which become more significant as the size of
the metal particles becomes smaller. For example, sub-nanometer
ll rights reserved.

is).
metal particles exhibit geometries in which the fraction of low
coordination highly energetic (i.e., edges and corners), and there-
fore, reactive sites changes significantly with the dimension
[11,12]. In addition, theoretical calculations show that many
important parameters such as bond length, binding energy, stabil-
ity function, fragmentation energy, bond dissociation energy, ioni-
zation potential, electron affinity, and dipole moment can fluctuate
substantially with particle size [13]. Finally, just as ligands have an
effect on the structure, electron distribution, and other electronic
and magnetic properties of molecular clusters [14], the support
may also be regarded as a ligand shell which is bonded to sup-
ported sub-nanometer metal particles. As a result, metal-support
interactions are a crucial factor in altering the metallic character
of the active sites in sub-nanometer supported metal particles,
leading to unique catalytic properties [15]. Experimental results
obtained for Pd, Ag, Cd, and Au particles of various sizes indeed
show that such particles tend to become non-metallic in nature
when their size decreases below 1 nm [16]. As a consequence, even
traditional structure-insensitive reactions may also show signs of
structure sensitivity in this domain [17].

While the use of organometallic and carbonyl cluster precursors
offers better control over the metal dispersion [17,18], it suffers
from difficulties associated with the handling of such precursors
and the limited availability of appropriate clusters with a wide
range of compositions. It has been also suggested that colloidal

http://dx.doi.org/10.1016/j.jcat.2009.06.025
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nanoparticles preformed in solution can be used as precursors for
the preparation of heterogeneous catalysts [19]. In this case, a pre-
cise tailoring of the size, shape, and composition of metal particles
can be achieved in solution, thus eliminating high temperature
post-treatments often used to create such metal particles during
conventional catalyst preparations. The preparation of colloidal
metal suspensions requires the chemical reduction of transition
metal salts in an aqueous or organic medium in the presence of
surfactants that act as protective agents in order to preserve the
colloidal state of metal particles [20–22]. Several chemical com-
pounds, such as poly(vinyl pyrrolidone) (PVP), poly(vinyl alcohol)
(PVA), polyoxoanions, and other compounds containing amide
and/or amine groups have been used in this role [20–22]. Interac-
tions of these surface-active chemicals with metal particles are
strong enough to limit the particle growth in solution, and there-
fore, nearly monodispersed metal nanoparticles, typically in the
1–3 nm size range, can be formed [23]. Literature reports demon-
strate a successful grafting of colloidal metal nanoparticles onto
various supports, and such catalysts typically show narrower par-
ticle size distributions than those observed with traditionally
impregnated catalysts on similar supports with the same metal
loading [19,24–27].

This report is focused on the use of PAMAM dendrimers as tem-
plates for the preparation of ZrO2-supported Rh catalysts. PAMAM
dendrimers offer a promising path to a rational design of nano-
structured-supported metal catalysts because these hyper-
branched polymers offer the ability to control the number of
metal atoms complexed with their interior amide and amine func-
tional groups, and therefore, in principle, the size of the metal par-
ticles eventually formed [28,29]. However, previous attempts to
use this approach for the preparation of supported catalysts were
not completely successful. For example, while it was shown that
Pt-dendrimer nanocomposites contain very small Pt clusters in
aqueous solutions, their deposition onto c-Al2O3 leads to further
nucleation and sintering of Pt, which is substantially accelerated
during the removal of the dendrimer component [30]. Further-
more, the earlier mechanism used in the literature to describe
the steps of this preparation route appears to represent only an
ideal case and may not apply for all metals [28,29]. Recent data ob-
tained using in situ EXAFS measurements suggest that the various
preparation steps are more complex than originally anticipated
and are likely to be dependent on the nature of the metal used
[31]. For example, the addition of a reducing agent to metal-den-
drimer complexes in solution can result in the formation of struc-
tures that retain certain valence characteristics of the metal
precursor, instead of the formation of zerovalent nanoparticles
[31]. The second major concern is the removal of the dendrimer
shell and its decomposition products from the support, while lim-
iting the sintering of the resulting supported metal nanoparticles.
Even though it was shown that the size of metal particles in sup-
ported catalysts prepared via the dendrimer route can be con-
trolled within a relatively narrow range [19,24–27], no catalysts
with subnanometer-sized metal particles were prepared to date
via this synthetic route, to the best of our knowledge.

In this report, we provide evidence for the successful prepara-
tion of nearly uniform, subnanometer-sized Rh particles via a den-
drimer-mediated synthetic route on a ZrO2 support. EXAFS
spectroscopy was used to monitor the coordination environment
of Rh throughout all preparation steps, and HRTEM measurements
were used to image the resulting supported metal nanoparticles.
Finally, their catalytic properties were probed via the structure-
sensitive ethane hydrogenolysis reaction in an attempt to further
confirm the presence of highly dispersed Rh nanoparticles via their
catalytic behavior. These unique Rh/ZrO2 materials could have po-
tential applications in a large number of catalytic reactions.
2. Experimental

2.1. Reagents and materials

Fourth generation hydroxyl-terminated (G4OH) poly(amido-
amine) (PAMAM) dendrimers were purchased as a 10% solution
in methanol (Aldrich). Prior to use, the methanol was removed un-
der N2 flow at room temperature and a 0.17-mM aqueous solution
of G4OH dendrimer was prepared. Milli-Q deionized water
(18 MX cm) was used to prepare all aqueous solutions. Rho-
dium(III) chloride hydrate (RhCl3�xH2O) (99.95% purity, Alfa Aesar)
was used as supplied. A commercial powdered ZrO2 support (Toy-
ota Motor Engineering and Manufacturing North America) with a
BET surface area of 45 m2/g was calcined in air for 4 h at 500 �C
prior to use. UHP grade H2 and N2 (National Welders) were addi-
tionally purified from traces of moisture and oxygen by passage
through appropriate traps (Agilent, models GMT-2GCHP and OT-
3, respectively), prior to use.

2.2. Preparation of Rh-dendrimer nanocomposites

Appropriate amounts of a 25.6-mM aqueous solution of RhCl3

were added under nitrogen flow to a 0.17-mM aqueous solution
of G4OH dendrimer in order to obtain Rh-G4OH nanocomposites
with the desired Rh/dendrimer ratios. In each case, the mixture
was stirred under nitrogen flow for 3 days to allow the complexa-
tion of Rh3+ cations with the amide/amine groups of the dendri-
mer. The complexes formed during this preparation step are
denoted as (Rh3+)x-G4OH, where x is the Rh/dendrimer molar ratio.
After the complexation was completed, the solution was dialyzed
to remove impurities using a benzoylated cellulose dialysis sack
having a molecular weight cutoff of 2000. The resulting solutions
were subsequently treated at room temperature under vigorous
stirring with freshly prepared aqueous solutions of sodium borohy-
dride (NaBH4). In each case, the NaBH4/Rh weight ratio was fixed to
8. Such a treatment resulted in the formation of Rh-dendrimer
nanocomposites denoted as Rhx-G4OH, where x is the Rh/dendri-
mer molar ratio.

2.3. Preparation of supported samples

Supported samples were prepared by slurrying a Rhx-G4OH
solution with the ZrO2 support in amounts chosen to yield a Rh
loading of approximately 1.0 wt.%. The excess water was removed
by slow evaporation at room temperature, followed by evacuation.
The resulting solid samples were treated in an O2/He mixture at
425 �C for 1 h followed by H2 at 300 �C for 1 h to remove the den-
drimer component and reduce the remaining Rh particles to the
metallic state. Reference samples containing 1, 2, and 5 wt.% Rh
were synthesized via standard incipient wetness impregnation
using the same RhCl3�xH2O precursor and treated under conditions
identical to those used for the dendrimer-derived samples. The Rh
weight loading was verified in each sample by inductively coupled
plasma-mass spectroscopy (ICP-MS) analysis (Galbraith Laborato-
ries Inc.).

2.4. HRTEM measurements

HRTEM images were obtained at Oak Ridge National Laboratory
with a Hitachi HF-2000 instrument equipped with a cold field
emission electron source operating at 200 keV. Each solid sample
was finely crushed before deposition on a carbon-coated Cu grid.
All images were acquired digitally and processed by a Gatan imag-
ing filter. The point-to-point resolution was 0.24 nm. Surface-aver-
aged sizes of the metal particles were calculated as reported
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elsewhere [32] using at least 200 particles from at least 5 different
micrographs for each sample.

2.5. EXAFS spectroscopy

EXAFS spectra were collected at X-ray beamline 2–3 at the Stan-
ford Synchrotron Radiation Laboratory (SSRL), Stanford Linear
Accelerator Center, Menlo Park, CA. The storage ring electron en-
ergy was 3 GeV and the ring current was in the range of 80–
100 mA.

The EXAFS data for aqueous solutions and solid samples were
recorded at room temperature in the fluorescence mode with a
13-element Ge array detector. Liquid and solid samples were
loaded into in situ EXAFS cells designed to allow handling of sam-
ples without air exposure. The total count rate for the 13-element
Ge array detector was in the range of 30,000–40,000 counts per
second. It has been experimentally established that the detector
readings are linear within this range and no corrections for dead-
time are required. Samples were scanned at the Rh K edge
(23220 eV). Data were collected with a Si(220) double crystal
monochromator that was detuned by 30% to minimize the effects
of higher harmonics in the X-ray beam. Raw EXAFS functions for
all samples examined are shown in Fig. 1.

2.6. EXAFS data analysis

The EXAFS data at the Rh K edge were analyzed with experi-
mentally determined reference files obtained from EXAFS data
characterizing materials of known structure. The Rh–Rh (for the
first and the second shells), Rh–N(O), Rh–Cl, and Rh3+–Rh3+ contri-
butions were analyzed with phase shifts and backscattering ampli-
tudes obtained from EXAFS data characterizing Rh foil, Rh2O3, and
anhydrous RhCl3, respectively. The crystallographic coordination
parameters for all reference compounds, the weighting of the Fou-
rier transform, and the ranges in k and r space used to extract the
reference functions from the experimental EXAFS data are reported
elsewhere [33]. The EXAFS parameters were extracted from the
raw data with the aid of the XDAP software [34] using methods
that are essentially the same as those reported elsewhere [35].
The raw EXAFS data obtained were analyzed over the ranges of k
(the wave vector) and r (the distance from the absorbing Rh atom)
that are specified for each sample in Table 1, with a maximum
number of free parameters not exceeding the statistically justified
value estimated on the basis of the Nyquist theorem [36,37]. The
data used for each sample were the averages of six scans. The
parameters characterizing both the high-Z (Rh–Rh, Rh3+–Rh3+)
and low-Z (Rh–Osupport, Rh–Cl, Rh–N(O)) contributions for the sam-
ples examined were determined by multiple-shell fitting in r-space
with application of k1 and k3 weighting in the Fourier transforma-
tions [35,38]. The fit was optimized by use of a difference file tech-
nique with phase- and amplitude-corrected Fourier transforms of
the data [38–40].

Standard deviations for the various parameters were calculated
from the covariance matrix, taking into account the statistical
noise of the EXAFS data and the correlations between the different
coordination parameters as described elsewhere [41]. The values of
the goodness of fit (e2

v) were calculated as outlined in the Reports
on Standards and Criteria in XAFS Spectroscopy [42]. The variances
in both the imaginary and absolute parts were used to determine
the quality of the fit [43].

2.7. Hydrogen chemisorption and temperature programmed oxidation

Rhodium dispersions and surface site concentrations were esti-
mated using a Micromeritics 2920 AutoChem II pulse chemisorp-
tion analyzer. Prior to chemisorption, catalysts were reduced in
flowing H2 at 300 �C for 1 h, and then flushed with Ar for 1 h at
300 �C before cooling down to 40 �C in Ar. Each sample was then
exposed to 10% O2/He mixture for 30 min, flushed with Ar for
30 min, and finally analyzed by pulsed H2 titration of the oxygen
pre-covered Rh sites. The stoichiometry of this H2 titration was as-
sumed to be one Rh site for every 3/2 H2 molecules consumed, as
previously used by Boudart et al. [44]. Rh dispersion values were
calculated based on the number of surface Rh sites thus titrated
and the total Rh loading.

Temperature programmed oxidation (TPO) measurements were
conducted using approximately 50 mg of powdered sample loaded
into a quartz tubular reactor placed in a split tube furnace and
heated at linear rates up to 50 �C/min. Sample temperatures were
measured by a thermocouple embedded in the catalyst bed. All
gases were supplied by National Welders and passed through
H2O and/or O2 traps (Restek). Gas flow rates were controlled by
mass flow controllers, while an MDC variable leak valve was used
to adjust gas leak rates into an Inficon Transpector 2 residual gas
analyzer (RGA). Sample temperatures and mass intensity data for
the gases of interest were collected and stored in a dedicated com-
puter using TWare32 Single Sensor software. Before TPO analysis,
all samples were pretreated in 20 standard ml/min of flowing He
as the temperature was ramped at 10 �C/min to 570 �C to remove
residual and chemisorbed H2O and CO2 from the samples. After
cooling the samples to 30 �C in flowing He, the gas flow was chan-
ged to the 10% O2/He mixture (20 standard ml/min total flow) and
the temperature was ramped at 10 �C/min to a final temperature of
570 �C. Mass intensity data for H2O+, CO+, NO+, COþ2 , and NOþ2 were
routinely monitored and stored for each sample.

2.8. Ethane hydrogenolysis

Ethane hydrogenolysis measurements were conducted in a
0.25-in. diameter stainless steel fixed-bed flow reactor. The flow
rates of hydrogen (99.999%), ethane (99%), and helium (99.999%)
were controlled by mass flow controllers to achieve a reacting mix-
ture with the following composition: 20% H2, 5% C2H6, and 75% He.
A total volumetric flow rate of 200 standard ml/min for a catalyst
mass of 0.1 g was used for each experiment. The reaction feed and
product streams were analyzed using an on-line GC (HP 5890)
equipped with dual 30 m Poraplot Q capillary columns. Both TCD
and FID detectors were used for quantitative analysis of the reac-
tion feed and products. The reaction was conducted at differential
conditions in the 150–220 �C temperature range. Since deactiva-
tion of catalysts may take place at non-negligible rates due to
the buildup of carbon on the catalyst surface [45], ethane was
added to the hydrogen/helium feed stream for only 5 min intervals
at a chosen temperature before the analysis of products was made.
The flow of ethane was diverted after each injection, while the
hydrogen/helium mixture continued to flow over the catalyst
bed. Furthermore, when the catalyst evaluation was completed,
each sample was tested again at the initial conditions (i.e., temper-
ature and feed composition) to confirm that deactivation had not
occurred.
3. Results and discussion

EXAFS spectroscopy was used to obtain structural information
characterizing the local environment of the Rh atoms throughout
each step involved in the synthesis of the dendrimer-derived Rh/
ZrO2 catalysts. Such an approach allowed us to reach a better
molecular-level understanding of the processes taking place during
the synthesis. The structural parameters determined for various
samples are summarized in Table 1, and comparisons of the raw
data and fits in r space are shown in Fig. 2.
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Fig. 1. Raw EXAFS functions of (A) RhCl3 in aqueous solution, (B) (Rh3+)20-G4OH in aqueous solution, (C) ( Rh3+)20-G4OH treated with NaBH4 in aqueous solution, (D) Rh20-
G4OH/ZrO2 as prepared, and (E) Rh20-G4OH/ZrO2 following treatments with O2 at 425 �C and H2 at 300 �C.
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Table 1
Structural parameters characterizing the species formed at various steps involved in the preparation of dendrimer-derived Rh/ZrO2 catalysts.

Sample Shell N Dr2 (Å2) R (Å) DE0 (eV) e2
m k1-Variances (%)

abs im

RhCl3/H2Oa Rh3+–Rh3+ – – – – 1.8 0.7 0.5
Rh–O 3.2 0.00045 2.09 �5.5
Rh–Cl 3.0 �0.00022 2.30 �0.5

(Rh3+)20-G4OHa Rh3+–Rh3+ 0.9 0.00184 3.03 9.0 2.7 0.3 1.0
Rh–N(O) 4.0 0.00275 2.05 0.2
Rh–Cl 1.5 0.00212 2.30 0.6

(Rh3+)20-G4OHa treated with NaBH4

in aqueous solution
Rh–Rh 2.2 0.00988 2.69 3.3 1.9 0.3 0.8
Rh–N(O) 2.7 0.00554 2.05 0.7
Rh–Cl – – – –

Rh20-G4OH/ZrO2
a as prepared Rh–Rh 2.0 0.01000 2.69 2.7 2.0 1.0 2.4

Rh–N(O)1 4.4 0.00284 2.05 4.4
Rh–N(O)2 0.3 �0.00493 2.42 7.5

Rh20-G4OH/ZrO2
b treated with O2 at 425 �C

and H2 at 300 �C
Rh–Rh1 4.6 0.00502 2.68 2.2 1.6 0.5 0.8
Rh–Rh2 1.2 0.00144 3.80 0.1
Rh–Osupport

Rh–Os
c 1.4 0.00274 2.15 �9.7

Rh–Ol
c 0.9 0.00045 2.35 1.5

Standard deviations in fits: N ± 20%, R ± 1%, Dr2 ± 5%, DE0 ± 10%. N: coordination number; R: distance between absorber and backscatterer atoms; Dr2: difference in the
Debye-Waller factor between the sample and the reference compound; DE0: difference in the inner potential between the sample and the reference compound; e2

v : goodness
of fit.

a Fit ranges 3.50 < k < 15.00 Å�1 and 1.0 < r < 3.0 Å, number of allowed fitting parameters 15.
b Fit ranges 3.50 < k < 15.00 Å�1 and 1.0 < r < 3.5 Å, number of allowed fitting parameters 19.
c The subscripts s and l refer to short and long, respectively.
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3.1. Synthesis of Rh-dendrimer nanocomposites in solution

The solid RhCl3 precursor used consists of polynuclear species
with a pseudo-hexagonal layer lattice structure, in which each
Rh3+ cation is surrounded by 6 chlorine atoms; the average dis-
tance between Rh3+ cations is 3.43 Å [46,47]. The EXAFS data re-
ported in Table 1 for an aqueous solution containing 250 ppm of
RhCl3 indicate that the first coordination shell of the Rh3+ cations
consists on average of 3.0 chlorine and 3.2 oxygen atoms at Rh–
Cl and Rh–O bonding distances of 2.30 and 2.09 Å, respectively.
The observed Rh–O contributions represent aquo ligands (i.e.,
H2O), while the presence of only 3.0 chlorine atoms in the first
coordination shell of Rh and the complete absence of Rh3+–Rh3+

contributions indicate that the polynuclear RhCl3 species are con-
verted to monomers in solution. Furthermore, the sum of nearest
neighbors in the first coordination shell of Rh is approximately 6,
suggesting that the Rh3+ cations remain in an octahedral environ-
ment. Hydrated [RhCl3(H2O)3] complexes appear to be the primary
species formed in the aqueous solution, in agreement with earlier
literature reports postulating the formation of such neutral com-
plexes based on UV–VIS and NMR data [48–50].

When the aqueous solution containing the [RhCl3(H2O)3] spe-
cies is further brought in contact with the G4OH PAMAM dendri-
mer, complexation of Rh3+ with the nitrogen moieties of the
dendrimer is expected to take place, similar to what was described
previously for Pt4+ and Pt2+ cations [30]. A direct distinction
between oxygen and nitrogen neighbors is problematic from the
EXAFS data, since these two elements are neighbors in the periodic
table and have similar phase shifts and backscattering amplitudes.
It is generally assumed that the phase shifts and backscattering
amplitudes are transferable among nearest neighbors in the peri-
odic table [51]. Consequently, we have been analyzing Rh–N and
Rh–O contributions as a group (denoted as Rh–N(O)), without dis-
tinguishing between the oxygen and nitrogen backscatterers. The
EXAFS data summarized in Table 1 show that the interaction of
an aqueous solution of [RhCl3(H2O)3] with the dendrimer leads to
a decrease in Rh–Cl contributions and a simultaneous increase in
Rh–N(O) contributions. More specifically, the first coordination
shell of Rh in (Rh3+)20-G4OH consists on average of approximately
1.5 chlorine atoms at a bond distance of 2.30 Å and 4.0 oxygen/
nitrogen atoms at a bond distance of 2.05 Å. The increase of N(O)
neighbors is indicative of the interactions between Rh3+ cations
and the dendrimer’s nitrogen-containing amide and tertiary amine
groups. These functional groups are more basic than aquo ligands
and are capable of participating in the observed displacement of
chlorine atoms from the first coordination shell of Rh, probably
via a nucleophilic attack on the Rh3+ cations. Since the band struc-
ture in the Rh K-edge XANES region is nearly the same as that of
the precursor (Fig. 3), we can infer that the electronic state of Rh
remains unchanged after interactions with the dendrimer. Once
again, the total sum of nearest neighbors in the first coordination
shell of Rh remains approximately 6, indicating that Rh3+ cations
maintain an octahedral geometry even after the interaction with
the dendrimer.

High-Z backscatterers were also present in the second coordina-
tion shell of Rh. In particular, Rh3+–Rh3+ interactions were identi-
fied with an average coordination number of 0.9 at a distance of
3.03 Å (Table 1). This distance is too long to be a bonding distance
and is substantially different from that (i.e., 3.43 Å) observed for
Rh3+–Rh3+ pairs in the solid RhCl3 precursor [33]. Therefore, these
contributions may represent neighboring Rh3+ cations complexed
with adjacent functional groups in the dendrimer interior.

When an aqueous solution of (Rh3+)20-G4OH was subsequently
treated with NaBH4, the analysis of the EXAFS spectra indicates the
presence of Rh–Rh contributions with an average coordination
number of 2.2 at a bond distance of 2.69 Å (Table 1). Since higher
Rh–Rh shells were not observed in the spectra, this result suggests
the formation of isolated Rh clusters incorporating on average
approximately three Rh atoms. Evidently, the reduction treatment
with NaBH4 also helps to remove the remaining Cl ligands, since no
Rh–Cl contributions were any longer present in the spectra. The
prevailing theory regarding metal cation interactions with dendri-
mers [28,29] suggests that at the completion of the reduction
treatment, zerovalent dendrimer-stabilized metal nanoparticles
should be formed with sizes corresponding to the number of metal
atoms initially complexed within each single dendrimer macro-
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Fig. 2. EXAFS spectra collected at the Rh K edge and corresponding fits for (A) RhCl3 in aqueous solution; (B) (Rh3+)20-G4OH in aqueous solution; (C) (Rh3+)20-G4OH treated
with NaBH4 in aqueous solution; (D) Rh20-G4OH/ZrO2 as prepared; (E) Rh20-G4OH/ZrO2 following treatments with O2 at 425 �C and H2 at 300 �C. Imaginary part and
magnitude of uncorrected Fourier transform (k1-weighted) of experimental EXAFS shown as solid lines, while sum of the calculated contributions as stated in Table 1 is
shown as dotted lines.

336 A. Siani et al. / Journal of Catalysis 266 (2009) 331–342



Energy, eV
23100 23150 23200 23250 23300 23350

N
or

m
al

iz
ed

 a
bs

or
ba

nc
e

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

2

1

3

Fig. 3. XANES spectra of (1) RhCl3 in aqueous solution, (2) (Rh3+)20-G4OH in
aqueous solution, and (3) (Rh3+)20-G4OH treated with NaBH4 in aqueous solution.
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molecule. In contrast, our EXAFS data clearly indicate that the Rh
atoms remained highly dispersed within the dendrimer structure,
and only small Rh3 clusters were formed. Moreover, the Rh K-edge
XANES data shown in Fig. 3 (spectrum 3) indicate that the white
line area decreased only slightly after the treatment with NaBH4,
suggesting that the clusters formed incorporate Rh in a cationic
form. Similar results were also reported for (Pt4+)40-G4OH nano-
composites in aqueous solutions [30]. The Rh3 clusters formed re-
mained strongly bonded to the dendrimer, as evidenced by the
presence of substantial Rh–N(O) contributions with an average
coordination number of 2.7 at a bond distance of 2.05 Å (Table
1). The presence and strength of such bonding may explain the
high dispersion of Rh within the dendrimer structure that prevents
the formation of larger metallic nanoparticles.

3.2. Impregnation on the support

Following impregnation of the NaBH4-treated Rh20-G4OH aque-
ous solution onto the ZrO2 support and subsequent drying and
evacuation at room temperature, the analysis of the EXAFS spectra
suggests the presence of Rh–Rh contributions with an average
coordination number of approximately 2.0 at a bond distance of
2.69 Å (Table 1). Since the average Rh–Rh coordination number
and the Rh–Rh bond distance are approximately the same as those
observed for the Rh3 clusters formed in solution, we infer that the
structure of the Rh3 clusters remains intact following the impreg-
nation on the ZrO2 support. Once again, the Rh K-edge XANES band
structure (Fig. 4, spectrum 1) resembles that of (Rh3+)20-G4OH in
aqueous solution, indicating that Rh still remains in a cationic form
after the impregnation step.

The EXAFS data further indicate that these ZrO2-supported Rh3

clusters remain in close contact with the dendrimer, as evidenced
by the presence of a substantial number of N(O) backscatterers
(Table 1). In this case, approximately 4.4 N(O) first-shell neighbors
were observed at an average distance of 2.05 Å, along with approx-
imately 0.3 N(O) backscatterers located at a longer distance of
2.42 Å. Therefore, the total number of N(O) atoms surrounding
the Rh3 clusters in the supported species is approximately 4.7,
which is somewhat larger than that observed for Rh3 clusters in
solution (Table 1). This observed increase of N(O) backscatterers
in the neighborhood of Rh is probably related to changes in the
structure of the dendrimer. PAMAM dendrimers in solution have
an open, nearly spherical, shaped structure [52]. However, in the
absence of a solvent, PAMAM dendrimers deposited on a solid sup-
port lose a substantial portion of their volume, resulting in the col-
lapse of the dendrimer’s branches [53,54]. It is likely that upon
such a configurational dendrimer collapse, Rh3 clusters entrapped
in the dendrimer also come to closer contact with the branches
of the dendrimer, resulting in the observed increase in the average
number of N(O) neighbors. However, we cannot exclude the possi-
bility that some Rh3 clusters also become exposed to the support
surface, which could lead to an increase in the Rh–N(O) coordina-
tion number as well.

3.3. Removal of the dendrimer component

It has been shown previously that supported metal-dendrimer
nanocomposites have the ability to catalyze reactions in the liquid
phase [19]. However, when the solvent is removed, the metal sites
are no longer accessible even to small gaseous molecules due to
interference from the collapsed dendrimer [24,54–56]. Therefore,
the dendrimer removal is an important step in the activation of so-
lid catalysts prepared via this synthetic route. Optimal conditions
for the removal of the dendrimer shell were established based on
FTIR measurements conducted on Rh20-G4OH/ZrO2 catalysts and
reported separately [57]. The FTIR results suggest that, under oxi-
dizing conditions, partial decomposition of the dendrimer starts
at a temperature as low as 50 �C and is completed at approximately
200 �C. However, various carboxylate species, which are formed on
the catalyst surface as a result of the dendrimer decomposition,
undergo further transformations and the decomposition fragments
formed continue to impede the accessibility of the Rh sites follow-
ing treatment temperatures of up to 300 �C. Finally, a completely
clean catalyst surface can be obtained during FTIR measurements
after oxidation of the sample at 425 �C for 1 h.

To further investigate the dendrimer removal and to address
concerns regarding the possible effects of residual carbon-contain-
ing species on the catalytic performance of the dendrimer-derived
catalysts, TPO and carbon elemental analysis measurements were
conducted before and after treatment in O2/He at 425 �C. A non-
Rh-containing G4OH/ZrO2 sample, as well as Rh10-G4OH/ZrO2

and Rh20-G4OH/ZrO2 samples, were used in this process. While
substantial carbon amounts (of the order of 3–5 wt.% depending
on the dendrimer loading used during preparation) were detected



Fig. 5. HRTEM image of the Rh20-G4OH/ZrO2 catalyst following treatments with O2

at 425 �C and H2 at 300 �C.
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by elemental analysis on the non-treated samples, the carbon con-
tent for all samples treated in O2/He at 425 �C was below the detec-
tion limit (0.1%). Furthermore, the TPO measurements conducted
with the G4OH/ZrO2 and Rh20-G4OH/ZrO2 samples yielded total
amounts of CO2 formed corresponding to 0.08 and 0.01 wt.% car-
bon, respectively. These results are consistent with our previous
FTIR observations and indicate that Rh facilitates to some degree
the dendrimer decomposition. A second successive TPO measure-
ment in the case of the Rh20-G4OH/ZrO2 sample yielded no addi-
tional CO2 formed. Overall, these results suggest that the
oxidation treatment applied is sufficient to remove the majority
of the carbon residues from the catalyst surface. In fact, even if
all the remaining 0.01 wt.% carbon in the case of the Rh20-G4OH/
ZrO2 sample was associated with Rh sites (which is highly unlikely)
only 10% of the Rh sites would be covered by carbon.

It is expected that the treatment of the sample in O2 at 425 �C
will also lead to the fragmentation of Rh3 clusters, resulting in
the formation of site-isolated Rh oxide-type species. However,
the EXAFS data show that a subsequent treatment of oxidized
Rh20-G4OH/ZrO2 in H2 at 300 �C for 1 h leads to the reappearance
of Rh–Rh contributions at a bond distance of 2.68 Å (Table 1). In
addition, short and long Rh–Osupport contributions are detected,
with average coordination numbers of 1.4 and 0.9 at bond dis-
tances of 2.15 and 2.35 Å, respectively, signifying interactions of
the Rh nanoparticles formed with the support. The Rh K-edge
XANES spectrum characterizing this sample (Fig. 4, spectrum 2)
no longer resembles that of Rh3+ cations but is similar to the spec-
trum of Rh foil, indicating that the thermal treatment leads to a
complete reduction of Rh cations. The differences in the white line
intensities observed for the ZrO2-supported sample and Rh foil
(Fig. 4) suggest that the ZrO2-supported Rh nanoparticles formed
are more electron deficient than bulk Rh, consistent with previous
literature reports [58].

It was demonstrated previously that nearly uniform MgO-sup-
ported Rh6 clusters can be completely fragmented in O2 at 200 �C
and then reconstructed by treatment in H2 at approximately
300 �C [59]. However, the reconstruction of the Rh6 octahedra
was accompanied by some migration and aggregation of these
clusters [60]. In our case, exact reconstruction of the Rh3 clusters
did not take place, as evidenced by the increase of the Rh–Rh
first-shell contributions to approximately 4.6, and the appearance
of second-shell Rh–Rh contributions with a coordination number
of 1.2 at a distance of 3.80 Å (Table 1). These data clearly indicate
that some aggregation of Rh took place during the removal of the
dendrimer shell. However, the degree of such aggregation was
obviously very small and the Rh nanoparticles finally formed on
the ZrO2 surface are highly dispersed. Known relationships be-
tween the average size of metal particles and the first-shell me-
tal–metal coordination numbers reported by Kip et al. [61]
indicate that the coordination number of 4.6 determined for the
first-shell Rh–Rh contributions corresponds to Rh nanoparticles
with an average diameter of approximately 8.5 Å. Such Rh
Table 2
Kinetic results for ethane hydrogenolysis catalyzed by ZrO2-supported rhodium catalysts

Sample H/Rh Average Rh particle size (nm

5 wt.% Rh/ZrO2 incipient wetness 0.18 6.0b

2 wt.% Rh/ZrO2 incipient wetness 0.55 2.0b

1 wt.% Rh/ZrO2 incipient wetness 0.58 1.5c–1.9b

1 wt.% Rh40-G4OH/ZrO2 – 1.3c

1 wt.% Rh20-G4OH/ZrO2 0.11 0.8c

1 wt.% Rh10-G4OH/ZrO2 0.10 0.7c

a Ea, apparent activation energy; TOF, turnover frequency.
b Average particle size determined by H2 chemisorption.
c Average particle size measured by TEM.
nanoparticles incorporate no more than 20 metal atoms, with
nearly 100% of these atoms exposed on the surface [61]. This size
is similar to the Rh loading in each individual dendrimer structure.
Thus, it is possible that only the Rh clusters within the vicinity of
each single dendrimer molecule agglomerated to produce each
Rh nanoparticle. Results obtained with materials produced with
different Rh/dendrimer ratios (Table 2) are consistent with such
a hypothesis and demonstrate that at least in the case of Rh/
ZrO2, precise control of the metal nanoparticles size can be
achieved in these dendrimer-derived catalysts.

HRTEM images obtained for the Rh10-, Rh20-, and Rh40-G4OH/
ZrO2 samples confirmed the presence of highly dispersed Rh parti-
cles in all cases. An example of such an image of the Rh20-G4OH/
ZrO2 sample is shown in Fig. 5, while particle size distributions ob-
tained for all samples are shown in Fig. 6. The dendrimer-derived
Rh10-G4OH/ZrO2 and Rh20-G4OH/ZrO2 samples exhibited surface-
averaged metal particle sizes of 0.7 and 0.8 nm, respectively. Fur-
thermore, the distributions observed in these cases were very
narrow and all particles were within the 0.4–1.4 nm range. Based
on Rh lattice parameter calculations, semi-spherical rhodium
particles consisting of 10 and 20 atoms are estimated to exhibit
diameters of approximately 0.6 and 0.8 nm, respectively, consis-
tent with what was observed experimentally. In contrast, a Rh/
ZrO2 sample prepared conventionally by incipient wetness impreg-
nation and treated under identical conditions exhibited an average
Rh particle diameter of 1.6 nm, corresponding to approximately
(Reaction feed: 5% C2H6, 20% H2, 75% He).

) Rh dispersion Ea
a (kcal/mol) TOF at 200 �Ca (min�1)

0.19 39 3.6
0.57 37 3.7
0.60 38 5.7
0.82 43 0.096
1.0 29 0.0043
1.0 28 0.0016
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150 Rh atoms. The particle size distribution in this case included
particles ranging in size between 0.6 and 3.2 nm.

3.4. Hydrogen chemisorption and Rh dispersion

H/Rh values determined by pulsed H2 titration of oxygen pre-
adsorbed on Rh sites are shown in Table 2. The average size of
Rh particles estimated from these measurements for the 1 wt.%
Rh/ZrO2 sample prepared by incipient wetness impregnation (i.e.,
1.9 nm) agrees well with that determined from HRTEM (i.e.,
1.5 nm), indicating that both techniques provide reliable estimates
of Rh particle sizes for this sample. However, this is not the case for
the dendrimer-derived Rhx-G4OH/ZrO2 samples. According to the
HRTEM data the average Rh particle sizes in the dendrimer-derived
Rh10-G4OH/ZrO2 and Rh20-G4OH/ZrO2 samples are 0.7 and 0.8 nm,
respectively. The EXAFS data reported in Table 1 for the same
Rh20-G4OH/ZrO2 sample indicate the presence of Rh–Rh first-shell
contributions with an average coordination number of 4.6 after
removal of the dendrimer shell, corresponding to an average Rh
particle size of 0.85 nm. Therefore, both the EXAFS and HRTEM re-
sults indicate the formation of subnanometer-sized Rh particles in
these dendrimer-derived samples. Such small Rh nanoparticles are
expected to have nearly 100% of the Rh atoms exposed on the sur-
face. In contrast to this expectation, the H/Rh values characterizing
both Rh10-G4OH/ZrO2 and Rh20-G4OH/ZrO2 samples were found to
be of the order of 0.11, suggesting that the Rh particles in these
samples could be as large as 10 nm.

Such a discrepancy between chemisorption and EXAFS/HRTEM
data for the dendrimer-derived samples suggests that the chemi-
sorptive properties of the subnanometer Rh particles formed in
these samples are altered substantially. FTIR, TPO, and elemental
analysis results described in a previous section indicate that if
there is any residual carbon in these samples, its concentration is
too small to cover any significant fraction of exposed Rh sites,
and therefore, other factors must be accounted for.

The ZrO2 support belongs to a family of reducible supports
capable of exhibiting strong metal-support interactions (SMSI)
[62,63]. As has been shown previously, various noble metals on
such supports lose their ability for irreversible chemisorption of
hydrogen following reduction treatments at temperatures above
500 �C [62,63]. More recent literature reports summarizing data
obtained for various model catalysts by X-ray photoelectron spec-
troscopy and low-energy ion scattering suggest that these SMSI
effects can be observed even at reduction temperatures as low as
170 �C [64,65]. The nature of this phenomenon was described in
detail in several publications [66]. For supported metal particles
smaller than 1 nm in diameter (such as the ones observed in the
case of the dendrimer-derived Rh10-G4OH/ZrO2 and Rh20-G4OH/
ZrO2 samples), the metal-support interface is substantially in-
creased, and the large majority of the metal atoms is in direct con-
tact with the support. Noble metals are known to promote the
support reduction leading to the formation of oxygen vacancies
and partially reduced support cations [64,66,67]. This process
could be accelerated in the case of subnanometer-sized metal par-
ticles and take place at much lower temperatures when compared
to conventionally prepared catalysts with much larger particles.
Therefore, it is possible that the reduction treatment in H2 at
300 �C was sufficient to trigger the SMSI state in the highly dis-
persed dendrimer-derived Rh10-G4OH/ZrO2 and Rh20-G4OH/ZrO2

samples, which can in part explain the reduced chemisorptive
properties for these samples.

In addition, the chemisorption results reported here for the den-
drimer-derived Rh10-G4OH/ZrO2 and Rh20-G4OH/ZrO2 samples ap-
pear to be in agreement with similar results reported previously
for well-defined Ir, Rh, and Pt clusters supported on various sup-
ports. For example, literature reports indicate that MgO-supported
Ir clusters with nuclearity of four are characterized by a H/Ir value
of 0.27 [68,69], while similar c-Al2O3-supported Ir4 clusters exhibit
a H/Ir value of 0.13 [70]. Similarly, H/Rh values in the range of
0.10–0.16 were reported for Rh6 clusters formed in cages of NaY
and NaX zeolites [58], while a H/Pt ratio of approximately 0.01
was reported for Pt clusters in cages of NaY zeolite [71]. NaY-sup-
ported Rh, Pd, and Ru catalysts prepared from inorganic salts and
incorporating metal clusters with sizes below 1 nm also show an
unusual suppression of their propensity to adsorb hydrogen [72–
74], suggesting that this phenomenon is not related to carbon
deposits which could potentially be formed when organometallic
compounds are used as precursors.

The common feature of the Rh10-G4OH/ZrO2 and Rh20-G4OH/
ZrO2 samples and those listed above is the extremely small size
of metal particles in the subnanometer range. It has been sug-
gested previously that supported metal particles of this size are
no longer metallic in character and the support must be regarded
in these cases as a multidentate ligand [7]. It was further shown
experimentally that the H/M ratio for supported Ir and Rh catalysts
increases with increasing M–M first-shell coordination number
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(and therefore, with metal particle size) and reaches the value of
one when the size of the metal particles exceeds 1 nm [58,68].

Finally, based on the investigation of NaY- and HY-supported Ru
catalysts incorporating Ru particles with average sizes in the range
of 1–1.5 nm by a variety of different techniques, McCarthy et al.
suggested that the metal-proton interactions are primarily respon-
sible for the reduction of the hydrogen chemisorption with particle
size [72]. This suggestion was further confirmed by computational
studies of zeolite-supported six-atom clusters of Ru, Rh, Pd, Os, Ir,
and Pt [75,76]. The results of these computational studies indicate
that upon adsorption of M6 clusters on hydroxylated surfaces of
metal oxides or zeolites, these clusters are partially oxidized by
surface OH groups and decorated by hydrogen. This process,
known as a reverse hydrogen spillover, is strongly preferred ener-
getically for most of the group 8 metals [75,76], suggesting that it
is not possible to prepare supported clusters with metal surfaces
that are clean and free of hydrogen impurities via a chemical route.
The computational results further suggest that the reverse hydro-
gen spillover is maximized in the case of small metal clusters,
while relatively large particles exhibit screening effects and their
properties are approaching those of bulk metals. Based on these
results, we can also propose that a partial decoration of the
subnanometer-sized Rh particles in the Rh10-G4OH/ZrO2 and
Rh20-G4OH/ZrO2 samples – as a result of reverse hydrogen spill-
over – may be another likely reason leading to the reduction of
hydrogen chemisorption observed experimentally.

As indicated above, SMSI effects, loss of metallic character, and
a reverse hydrogen spillover effect may be contributing to the re-
duced hydrogen chemisorption capacity of subnanometer sup-
ported metal particles, as documented experimentally in this and
in previous studies. The relative importance of these mechanisms,
which may be different for different catalysts, remains to be deter-
mined and is beyond the scope of this manuscript.

3.5. Catalytic hydrogenolysis of ethane

The hydrogenolysis of ethane to form methane is a classical
structure-sensitive reaction used initially by Sinfelt and coworkers
[45,77,78] to examine the effects of metal particle size on catalytic
activity. Specifically, these authors reported an increase in specific
catalytic activity with a decrease in metal particle size for sup-
ported platinum group metal catalysts. In the current study we
have used the hydrogenolysis of ethane as a probe reaction to
examine the surface structures of Rh particles in Rh/ZrO2 samples
prepared by different synthetic routes. The kinetic results obtained
are summarized in Table 2.

Rh/ZrO2 samples prepared by incipient wetness impregnation
exhibit an increase in turnover frequency (TOF) with decreasing
average Rh particle size over the 6.0–1.5 nm range. This result is
consistent with the previous literature reports mentioned above
[45,77–80]. Such an increase in specific catalytic activity with
decreasing metal particle size for supported platinum group metal
catalysts has been attributed to an increase in the fraction of low
coordination highly energetic metal sites (i.e., corners and edges)
adjacent to higher coordination planar sites [45,77–80]. It was fur-
ther postulated that these low coordination sites facilitate C–C
bond cleavage, while the high coordination sites represent adsorp-
tion sites for hydrogen atoms. Since it is generally assumed that
the skeletal dehydrogenation of adsorbed ethane precedes the
C–C bond rupture, both types of sites are needed in close proximity
for the reaction to proceed at high rates.

This size dependence of the ethane hydrogenolysis TOF appears
to be valid only for catalysts incorporating metal particles with
average sizes of the order of 1.5 nm and above [45,77–80]. In
contrast, supported catalysts with metal particle sizes below
1.5 nm show a different behavior for this reaction. For example,
1% Pt/c-Al2O3 samples prepared by a sol–gel method and incorpo-
rating 1 nm particles were found to be one order of magnitude less
active than similar samples with higher Pt loadings, and therefore,
larger Pt particles [81]. Similarly, small Ru clusters located in the
supercage of NaY and incorporating approximately 54 Ru atoms
were found to be two orders of magnitude less active than larger
Ru particles located on the external surface of the same zeolite
[82]. When the number of Ru atoms per cluster decreased further
from 54 to 25, the TOF also decreased by approximately a factor of
two [82].

The kinetic results shown in Table 2 for the Rh/ZrO2 samples
examined in this study are also consistent with these reports.
The TOF values decrease sharply as the average Rh particle size de-
creased below 1.5 nm, suggesting that this size is nearly optimal
for the ethane hydrogenolysis reaction on Rh. Similarly, a
maximum TOF value for ethane hydrogenolysis was observed for
c-Al2O3-supported Pt particles with a size of approximately
1.7 nm [83]. Furthermore, our results indicate that Rh particles
with an average size of approximately 1.3 nm are less active by a
factor of 50, while those with an average size of 0.8 nm were found
to be less active by nearly three orders of magnitude (Table 2). Fi-
nally, the difference in TOF between 0.8 and 0.7 nm Rh particles
was approximately a factor of two, which is similar to that ob-
served in the case of Ru clusters with 25 and 54 metal atoms [82].

Apparent activation energy values calculated from the kinetic
data for the subnanometer-sized Rh particles are approximately
29 kcal/mol, which is roughly 25% lower than the corresponding
values for the catalysts incorporating larger Rh particles (Table
2). This observation is consistent with literature data reported
previously for Pt/SiO2 and indicating an increase in the apparent
activation energy with an increase in metal particle size [79].

Based on the extended previous studies on ethane hydrogenol-
ysis (e.g. [45,77–80]), it is reasonable to suggest that the kinetic
data obtained in our work for highly dispersed Rh/ZrO2 catalysts
can be explained, at least in part, by a geometric effect. In advanc-
ing such an argument, one can suggest that subnanometer-sized
metal particles in these samples are too small to have a sufficient
number of sites available for the reaction to proceed smoothly. Iso-
topic transient kinetic analysis of ethane hydrogenolysis over Ru/
SiO2 catalysts modified with Cu indicated that 12 metal atoms is
the minimum ensemble required for the hydrogenolysis of one
ethane molecule [84]. Our EXAFS data indicate a Rh–Rh first-shell
coordination number of 4.6 for the Rh20-G4OH/ZrO2 sample (Table
1) and suggest the formation of Rh nanoparticles incorporating no
more than 20 metal atoms. Hence, it appears that with the family
of ZrO2-supported dendrimer-derived Rh catalysts we have nearly
reached the critical Rh ensemble size required for the ethane
hydrogenolysis reaction. These Rh ensembles may be capable of
transforming ethane to methane at low rates, but certainly do
not allow the reaction to proceed in a facile fashion due to the re-
stricted number of contiguous Rh atoms available for an efficient
accommodation of all reactants, intermediates, and reaction
products.

Literature reports indicate that depending on the nature of the
support, type of active metal, and experimental conditions, the
hydrogenolysis of ethane can show a complex kinetic behavior
which cannot be described by a single kinetic model [85,86]. How-
ever, the C–C bond cleavage step is considered in general to be the
rate-determining step [87–90]. Results of DFT calculations [86,91]
indicate that the activation energy of this step decreases with
increasing degree of ethane dehydrogenation, suggesting that ad-
sorbed ethylidyne and CHC species may be the most active inter-
mediates for C–C bond scission [86,91]. In contrast, quantum
chemical calculations indicate that regardless of the high abun-
dance of ethylidyne intermediates the primary pathways for C–C
bond cleavage proceed through highly hydrogenated activated
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complexes such as CHCH3 and C2H5 [92,93]. Despite these uncer-
tainties regarding the mechanism of ethane hydrogenolysis, it is
evident that the ethylidyne species formed under reaction condi-
tions not only participate in site blocking [92,93], but can also in-
duce structural changes in supported metal particles with sizes
below 1 nm. For example, in situ EXAFS data reported for
c-Al2O3-supported Pt clusters incorporating approximately 25 me-
tal atoms show that the value of NPt-Pt decreased from 6.5 to 3.0
when ethylidyne species were formed on the Pt surface [94]. Since
the ethylidyne species are known for restructuring of Pt(111) and
Rh(111) surfaces [95,96], such substantial changes observed in the
first-shell Pt–Pt coordination number in the case of small Pt clus-
ters can be related not only to changes in their morphology (i.e.,
shape), as was suggested previously [94], but also to their partial
fragmentation. The presence of ethylidyne species on the surface
of the subnanometer-sized Rh particles in the Rh10-G4OH/ZrO2

and Rh20-G4OH/ZrO2 samples under ethane hydrogenolysis
conditions could also trigger structural changes similar to those
observed in the case of Pt clusters, leading to the formation of even
smaller metal ensembles. Such ensembles would not be capable of
accommodating both the hydrogen atoms formed during the dehy-
drogenation of adsorbed ethane and the dehydrogenated C2Hx

(x < 6) species, resulting in very low TOFs. Additional in situ EXAFS
work is needed to further examine this hypothesis.

Finally, many kinetic models consider both the skeletal dehy-
drogenation of adsorbed ethane species and the hydrogenation of
methyl intermediates as relatively quick steps in the mechanism
of ethane hydrogenolysis. To proceed efficiently, the first requires
the accommodation of hydrogen atoms striped off the C2Hx inter-
mediates, while the second requires an abundance of hydrogen
atoms in the vicinity of the CHx intermediates formed. Since our
data clearly indicate that the hydrogen chemisorption on Rh is re-
duced substantially in the case of the subnanometer-sized Rh par-
ticles, we expect that the rates of these steps will also be affected
beyond the geometric effects discussed in the previous paragraphs.
Whether a decrease of these rates will be significant enough to af-
fect the overall rate of the reaction is not clear at this point.

Overall, the low TOF values observed for ethane hydrogenolysis
in the case of subnanometer-sized Rh particles can be reasonably
justified by several factors as discussed above. Additional work is
needed before we can determine the relevant importance of these
factors. However, the data reported here provide unambiguous evi-
dence that the properties of supported Rh particles with sizes be-
low a certain threshold are significantly different from those of
larger metal particles formed in conventionally prepared samples.
4. Conclusions

We have demonstrated that nearly uniform sub-nanometer Rh
particles can be prepared on a ZrO2 support via the dendrimer-
mediated synthetic route. EXAFS characterization of each step in-
volved in this process indicates that Rh3 clusters are formed within
the dendrimer interior structure in aqueous solutions and the
resulting Rh-dendrimer nanocomposites can be deposited onto a
high surface area ZrO2 support. Subsequent thermal treatments
in O2 and H2 are required to remove the dendrimer component
and to form stable Rh nanoparticles. Very limited sintering of Rh
was observed during these thermal treatments, leading to the for-
mation of Rh particles with sub-nanometer dimensions. The cata-
lytic properties of these materials for ethane hydrogenolysis are
substantially different from those of larger Rh particles. Our results
represent a breakthrough in the synthesis of uniform and highly
dispersed supported Rh catalysts and open up promising opportu-
nities for the preparation of additional catalysts with more com-
plex chemical compositions.
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