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ABSTRACT

Monodisperse rhodium (Rh) and platinum (Pt) nanoparticles as small as ∼1 nm were synthesized within a fourth generation polyaminoamide

(PAMAM) dendrimer, a hyperbranched polymer, in aqueous solution and immobilized by depositing onto a high-surface-area SBA-15 mesoporous

support. X-ray photoelectron spectroscopy indicated that the as-synthesized Rh and Pt nanoparticles were mostly oxidized. Catalytic activity

of the SBA-15 supported Rh and Pt nanoparticles was studied with ethylene hydrogenation at 273 and 293 K in 10 torr of ethylene and 100

torr of H2 after reduction (76 torr of H2 mixed with 690 torr of He) at different temperatures. Catalysts were active without removing the

dendrimer capping but reached their highest activity after hydrogen reduction at a moderate temperature (423 K). When treated at a higher

temperature (473, 573, and 673 K) in hydrogen, catalytic activity decreased. By using the same treatment that led to maximum ethylene

hydrogenation activity, catalytic activity was also evaluated for pyrrole hydrogenation.

Metal nanoparticles less than 10 nm that were monodisperse

and with controlled size and shape have been synthesized

by colloid techniques in recent years and characterized with

a combination of techniques.1–3 However, the synthesis of

nanoparticles that are close to or smaller than 1 nm (tens of

atoms) has only been attempted in a few laboratories.4–9 For

these particles, more than 90% of atoms are located on the

surface10 and the atomic coordination number of ∼1 nm

particles is smaller than that in larger nanoparticles (12 for

an fcc lattice) which has a substantial fraction of the atoms

in the bulk. At sizes smaller than ∼1 nm, nanoparticles have

shorter metal-metal bonds,11,12 lower melting points,13,14 and

are easier to be oxidized than larger particles.15,16 All of these

remarkable properties for ∼1 nm particles could lead to their

distinctly different performance in catalytic reactions. For

example, Xu et al.17 found that the turnover frequency (TOF)

of a 20 atom iridium particle was 10 times higher for toluene

hydrogenation than that of a 4 atom iridium cluster. Lang et

al.8 studied the CO oxidation reaction activity of SiO2

supported dendrimer-encapsulated Pt50 and Pt100 nanoparticles

and compared it with the activity of a Pt/SiO2 catalyst

prepared using incipient wetness impregnation that yielded

a wide particle size distribution. They found that the TOFs

of Pt50/SiO2 were 2-3 times greater than that of Pt100/SiO2

and the incipient wetness impregnated Pt/SiO2 catalyst.

Therefore, it appears that monodisperse ∼1 nm particles

could yield unique catalytic properties.

A dendrimer templating strategy is very attractive for

synthesis of ∼1 nm nanoparticles.18 Polyamidoamine (PAM-

AM) and poly(propylene imine) (PPI) are the most employed

dendrimers for synthesis of metal nanoparticles. Size control

of metal nanoparticles synthesized within dendrimers is

realized by their well-defined functional groups and struc-

ture.6,9,18–20 For PAMAM dendrimers, the number of internal

tertiary amine functional groups, which act as ligands to
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complex with metal ions, is determined by the dendrimer

generation. The dendrimer provided a template for the metal

ions that are deposited in the polymer (step 1 in Scheme 1).

The quasispherical hyperbranched structure of the dendrimer

(generation 4 and above) supplied not only internal cavities

for nanoparticle growth upon reduction, but also a shell to

prevent aggregation of the as-grown nanoparticles. By

changing the metal ion to dendrimer concentration ratio

(below maximum ion loading), nanoparticles of ∼1 nm in

diameter can be synthesized with narrow size distribution.

Metal nanoparticles, such as Cu, Pd, and Pt, have been

synthesized within the cavities of PAMAM and PPI den-

drimers.4,6,18 Bimetallic nanoparticles, such as PtPd, PdAu,

PtAu, and PtCu have also been synthesized.19–25

Rhodium catalysts are important in catalytic reactions,26

such as hydrogenation,27,28 hydroformylation,29 carbonyla-

tion,30 and CO oxidation31 and ∼1 nm particles may lead to

discovery of interesting catalytic behavior. However, the

synthesis of ∼1 nm Rh nanoparticles has not yet been

reported to the best of our knowledge. In this communication,

we report the successful synthesis of ∼1 nm Rh and Pt

nanoparticles in aqueous solution using dendrimer templates

and the subsequent loading onto a three-dimensional (3D)

support, SBA-15. X-ray photoelectron spectroscopy (XPS)

and transmission electron microscopy (TEM) were used to

characterize the as-synthesized nanoparticles. Compared with

several commonly used methods, such as incipient wetness

impregnation and coprecipitation,32 supported nanoparticles

prepared by dendrimer templating have narrower size

distribution (less than 30%). After reduction in 76 torr of

H2 mixed with 690 torr of He at different temperatures,

catalytic activity of the SBA-15 supported Rh and Pt

nanoparticles was studied for ethylene hydrogenation (Scheme

2) and pyrrole hydrogenation (Scheme 3).

Synthesis of Rh and Pt Dendrimer Encapsulated

Nanoparticles. Dendrimer encapsulated nanoparticles were

synthesized following the method developed by Crooks and

his co-workers6,18,33 with minor modifications. Generation 4

dendrimers (G4OH) were purchased from Dendritech Inc.

(Midland, MI) as 10.20 wt % methanol solution and used as

is. A 250 µM dendrimer stock solution was prepared by

adding the dendrimer methanol solution to water. The

dendrimer stock solution was mixed with 15-40 mol

equivalent of an aqueous solution of 0.01 M RhCl3 (Rh,

38-40%) or K2PtCl4 (99.9+%; Sigma-Aldrich, Inc., St.

Louis, MO) in a 20 mL vial. The vial was purged with Ar

for 30 min and tightly sealed with a septum. The complexing

process between the metal ions and the internal amine groups

of the dendrimer was monitored by a UV-vis spectrometer

(Agilent 8453 UV-vis ChemStation). As shown in Figure

1, absorption bands at 200, 226, and 300 nm decreased

dramatically within the first 2 h of complexation, which could

arise from ligand exchange reactions between chloride, water,

and the internal amines within G4OH dendrimer.34,35 After

2 h, absorption bands decreased slowly. Since the absorption

spectrum only changed slightly after an 18 h exchange under

static conditions for the RhCl3/G4OH solution (66 h for

K2PtCl4/G4OH solution), we choose 18 h as the complex-

ation time for the RhCl3/G4OH solution. After 18 h, 20-

fold of freshly prepared 0.5 M NaBH4 was injected into the

vial dropwise during vigorous stirring. The NaBH4 solution

was kept at 0 °C before injection. The reaction solution was

stirred for an additional 3 h (8 h for platinum). As shown in

Figure 1, the absorption of the solution above 300 nm

increased after the reduction, which indicated the formation

of metal nanoparticles.26,36 The reaction solution (10 mL)

was purified by dialysis against 2 L of DI water in cellulose

dialysis sacks with a molecular weight cutoff of 12 000

(Sigma-Aldrich, Inc., St. Louis, MO). Dialysis occurred over

24 h with the water being changed 4 times. The size of the

nanoparticles was measured by TEM (FEI Tecnai G2 S-Twin

Scheme 1. Synthesis of Dendrimer Encapsulated Metal Nanoparticles and the Subsequent Immobilization of the
Nanoparticle on Mesoporous SBA-15 Support

Scheme 2. Ethylene Hydrogenation Reaction

Scheme 3. Pyrrole Hydrogenation Reaction
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electron microscope at an accelerating voltage of 200 kV).

As shown by the TEM image of the G4OH(Rh30) nanopar-

ticle in Figure 2, diameters of the G4OH(Rh30) nanoparticles

were 1.0 ( 0.3 nm by counting more than 100 particles.

X-ray Photoelectron Spectroscopy (XPS) Study. XPS

was used to characterize the dendrimer encapsulated Rh and

Pt nanoparticles after deposition of the as-synthesized

nanoparticle solution onto a silicon wafer. XPS experiments

were performed on a Perkin-Elmer PHI 5300 XPS spec-

trometer with a position-sensitive detector and a hemispheri-

cal energy analyzer in an ion-pumped chamber (evacuated

to 2 × 10-9 Torr). The Al KR (BE ) 1486.6 eV) X-ray source

of the XPS spectrometer was operated at 300 W with 15 kV

acceleration voltage.

Figure 3a shows the XPS spectrum of dendrimer encap-

sulated Rh30 nanoparticles. The Rh 3d5/2 peak was fit by two

peaks with binding energies (BE) of 307.3 and 309.2 eV,

corresponding to the metallic Rh (0) and oxidized Rh,

respectively. Only 56% of the Rh was metallic. The

remaining portion, 44% of the total Rh, was oxidized, which

could be caused by air exposure during the preparation of

the XPS sample and/or incomplete reduction of RhCl3 during

synthesis. However, the peak at 309.2 eV can not be simply

assigned to Rh2O3 or RhO2, whose Rh 3d5/2 peaks are around

308.3 and 308.6 eV, respectively.37 The peak at 309.2 eV

may be due to the unreduced Rhx+, which formed complexes

with Cl-, H2O, and the internal amine groups of the

dendrimer. This observation also indicated that Rh complexes

are strongly bound and remained within the dendrimer even

after dialysis.

XPS spectra of dendrimer encapsulated Pt nanoparticles

were reported,33,38,39 but the observations were not consistent.

Zhao et al.33 observed that the Pt 4f7/2 peak appeared at 71.3

eV for dendrimer encapsulated Pt60 nanoparticles, which

indicated complete reduction of Pt2+ to Pt (0). Ye et al.38

observed that the Pt 4f7/2 peak presented at 73.0 eV for

dendrimer encapsulated Pt30 nanoparticles. The higher bind-

ing energy of Pt30 nanoparticles than that of bulk Pt (0) was

attributed to the effect of its small size and dendritic ligands.

Ozturk et al.39 found Pt 4f7/2 peaks located at 74.6 and 73.3

eV for dendrimer encapsulated Pt40 nanoparticles deposited

as a thick layer and a thin layer, respectively. The authors

explained the higher binding energy by the charging of the

dendrimer encapsulated nanoparticle film and the incomplete

reduction of Pt2+. To clarify these discrepancies, we also

examined the dendrimer encapsulated Pt20 and Pt40 nano-

particles using XPS.

As shown in Figure 3b, the main Pt 4f7/2 peak for the

dendrimer encapsulated Pt20 nanoparticle was located at 73.5

eV, which is close to the observation by Ozturk et al.39 on

a thin layer of Pt40 nanoparticles. We think that the observed

higher Pt 4f7/2 binding energy (73.5 eV) of Pt20 nanoparticles

Figure 1. Time-resolved UV-vis spectra of aqueous G4OH(Rh3+)30

solution and after 3 h reduction by NaBH4 to yield G4OH(Rh30).
The concentration of G4OH is 1.6 µM. The optical path is 1.0 cm.
A dendrimer solution of the same concentration is used as the
background.

Figure 2. TEM image of G4OH(Rh30) nanoparticles.

Figure 3. X-ray photoelectron spectra of dendrimer encapsulated
(a) Rh30 and (b) Pt20 nanoparticles. For Rh nanoparticles, 44% of
the Rh was oxidized, whereas 93% of the Pt was oxidized for the
Pt nanoparticles.

Nano Lett., Vol. 8, No. 7, 2008 2029



(BE ) 71.2 eV for metallic Pt) was due to unreduced Pt2+.

The major Pt 4f7/2 peak also has a small shoulder at 71.2

eV, which was attributed to metallic Pt. From deconvolution

of the Pt 4f7/2 peak, only ∼7% of total Pt was metallic, which

agreed with a previous EXAFS study that showed Pt

remained oxidized after NaBH4 exposure.40 Similar behavior

was also observed on the dendrimer encapsulated Pt40

nanoparticles (data not show here).

Immobilization of Dendrimer Encapsulated Rh and Pt

Nanoparticles onto Mesoporous Silica SBA-15. The den-

drimer encapsulated Rh and Pt nanoparticles are immobilized

onto a SBA-15 silica mesoporous support before catalytic

studies. The SBA-15 silica was synthesized by the method

reported in the literature.41 The SBA-15 silica support had a

pore diameter of ∼7 nm. The surface area and pore volume

were 757 m2 g-1 and 1.0 cm3 g-1, respectively. The

nanoparticle solution was mixed with SBA-15, and then the

slurry was sonicated for 3 h at room temperature by an

ultrasonic cleaner (VWR, 75T, 120 W, 45 kHz). The

nanoparticle loaded SBA-15 was separated from solution by

centrifuging (Thermo Scientific IEC Centra CL2) at 4200

rpm for 6 min. After separation, the solution became colorless

(dark brown color originally), which indicated the deposition

of the dendrimer encapsulated Rh and Pt nanoparticles onto

SBA-15. There are two possible interactions for the loading

of dendrimer encapsulated nanoparticle onto SBA-15, elec-

trostatic interaction and hydrogen bonding between den-

drimer and silica.42 First, the isoelectric point (point of zero

charge) of silica material43 is around 2, and the loading

process is performed in a solution with pH of 5. At this pH,

the PAMAM dendrimer is positively charged,42 while the

surface of SBA-15 silica is negatively charged. Therefore,

strong electrostatic interactions existed between the den-

drimer encapsulated nanoparticles and the SBA-15. Second,

the PAMAM dendrimer is terminated with 64 hydroxyl

groups, which could form multiple hydrogen bonds with

hydroxyl groups on the surface of SBA-15 silica in water.42

After separation, the bottom slurry, the SBA-15 supported

nanoparticle catalyst, was dried under ambient conditions

for 2 days and then at 100 °C for 4 h. The dried catalyst

was then finely ground. The successful loading of the

dendrimer encapsulated nanoparticles onto mesoporous SBA-

15 silica was confirmed by TEM and elemental analysis. The

actual loadings of Rh and Pt onto SBA-15 were measured

to be 0.3 and 0.6 wt. % by inductively coupled plasma (ICP)

spectrometry, respectively.44 Also, as shown in Figure 4, the

nanoparticles were well-distributed over the 3D mesoporous

silica support and appeared slightly larger than unsupported

ones (as shown in Figure 2). However, it is very difficult to

accurately measure the size of small nanoparticles on 3D

supports. TEM images taken from nanoparticles loaded onto

3D supports often suffer from low contrast due to the

decrease of the supporting material’s electron transparency,

and this behavior is magnified as particle size decreases.

Nanoparticles on 3D supports are also in different focal

planes during TEM imaging.8

Ethylene and Pyrrole Hydrogenation Reactions. Eth-

ylene and pyrrole hydrogenation reactions were performed

on the 3D mesoporous silica supported Pt and Rh catalysts

at atmospheric pressure in laboratory scale flow reactors.

Samples were diluted with low surface area quartz and loaded

into quartz reactors. Temperature was controlled by a PID

controller (Watlow 96) and a type-K thermocouple. Gas

flows (all from Praxair and UHP) were regulated using

calibrated mass flow controllers. Before the reaction, samples

were reduced in 50 mL min-1 of 76 torr of H2 with a He

balance for 1 h at a desired temperature. For ethylene

hydrogenation, the gases were 10 torr of ethylene, 100 torr

of H2 with a balance of He. For pyrrole hydrogenation, the

feed was 4 torr of pyrrole (Sigma-Aldrich, >98%) and 400

torr of H2 with a balance of He. The desired partial pressure

of pyrrole was achieved by bubbling He through pyrrole and

assuming saturation.45 For both reactions, gas composition

was analyzed with flame ionization (FID) and thermal

conductivity (TCD) detectors on a HP 5890 Series II gas

chromatograph (GC). No conversion was observed for either

reaction when unloaded SBA-15 was tested under the same

conditions. Turnover frequencies were determined by nor-

malizing the conversion (always less than 20%) to metal

surface atoms assuming 100% dispersion.

We found that SBA-15 supported dendrimer capped Rh30

and Pt20 nanoparticles have activity for ethylene hydrogena-

tion without any pretreatment (Figure 5). Moreover, we

evaluated the effect of reduction (76 torr of H2 with a He

balance) at different temperatures upon ethylene hydrogena-

tion activity for the SBA-15 supported Rh30 and Pt20 catalysts.

As shown in Figure 5, the highest activity occurred for both

the Rh30/SBA-15 and the Pt20/SBA-15 catalysts after reducing

the samples at 423 K for 1 h. After this low temperature

reduction, the TOF of Rh30/SBA-15 increased from 0.60 to

0.83 s-1, and the TOF of Pt20/SBA-15 increased from 0.5 to

3.7 s-1 when the ethylene hydrogenation reaction was carried

at 293 K. This mild pretreatment condition did not cause

any observable sintering of dendrimer encapsulated Rh and

Pt nanoparticles by TEM, which is crucial for studying

catalysis over ∼1 nm particles. The activity increase for the

Rh30/SBA-15 and Pt20/SBA-15 catalysts after the low tem-

perature treatment in 76 torr of H2 with a He balance was

Figure 4. TEM images of dendrimer encapsulated (a) Rh30 and
(b) Pt40 nanoparticle immobilized on SBA-15, denoted as Rh30/
SBA-15 and Pt40/SBA-15, respectively.

2030 Nano Lett., Vol. 8, No. 7, 2008



due to the reduction of oxidized Rh and Pt to Rh (0) and Pt

(0), which are both more active for hydrogenation reactions

than the respective oxidized species. As discussed before,

XPS showed that the as-synthesized Rh30 and Pt20 nanopar-

ticles contained a large portion of oxidized species so

reduction during exposure to 76 torr of H2 with a balance of

He at 423 K for 1 h is plausible. Partial decomposition of

dendrimer capping by reduction46 at 423 K could also

contribute to the increase of reaction activity. After reduction

at 473 K for 1 h in 76 torr of H2 with a balance of He, TOFs

for Rh30/SBA-15 and Pt20/SBA-15 decreased slightly. When

the reduction temperature was further raised to 573 K, TOFs

for Rh30/SBA-15 and Pt20/SBA-15 again decreased. After

reduction at 673 K, severe deactivation of Rh30/SBA-15 and

Pt20/SBA-15 catalysts was observed. Since TOFs were

calculated assuming 100% dispersion, decreased activity after

high temperature treatments was most likely due to sintering

of supported Rh30 and Pt20 nanoparticles, which resulted in

a decrease in the number of active sites. A TEM image

(Figure 6) of the Rh30/SBA-15 catalyst after thermal treat-

ment at 673 K for 1 h showed that severe sintering of the

Rh30 nanoparticle occurred. However, other reasons for the

deactivation, such as coke formation from dendrimer de-

composition, cannot be excluded.

In Table 1, initial ethylene hydrogenation activities for

SBA-15 supported dendrimer Rh and Pt catalysts are

compared to PVP capped nanoparticles and Pt(111) and

Rh(111) single crystals. Ethylene hydrogenation activity was

measured over PVP capped Rh nanoparticles at 350 K, but

activation energies were not reported.26 By converting our

data over Rh15/SBA-15 and Rh30/SBA-15 catalysts to 350

K, TOFs were ∼32 s-1, which was higher than that of the

PVP capped Rh nanoparticles. TOFs for the Rh15/SBA-15

and Rh30/SBA-15 catalysts were lower compared with the

Rh(111) single crystal at 298 K. For the dendrimer encap-

sulated Pt catalysts, TOFs were lower than that of the Pt(111)

single crystal but comparable to PVP capped Pt nanoparticles.

The lower TOFs of the dendrimer encapsulated nanoparticles

compared with single crystals were likely caused by the

dendrimer capping, which could block a portion of the active

sites. Other factors, such as support interactions or size

induced property changes (i.e., electron deficiency) for ∼1

nm particles, are also likely involved. Activation energies

(Table 1) for the Rh15/SBA-15 and Rh30/SBA-15 catalysts

were only slightly higher than that of the Rh(111) single

crystal. For the Pt20/SBA-15 and Pt40/SBA-15 catalysts,

activation energies followed similar trends.

Catalytic activity over these dendrimer encapsulated nano-

particles was also exhibited by performing pyrrole hydro-

genation (Figure 7). Both Rh catalysts displayed similar

activities and 100% selectivity to pyrrolidine. Moreover, Rh

catalysts displayed higher activity than the Pt catalysts.

However, over the Pt catalysts, the reaction was able to

proceed beyond just the first step as n-butylamine became a

prominent product (Rh catalysts produced only pyrrolidine

at these temperatures, data not shown). Butane was also

observed as a minor product over Pt (not shown). These

results were in agreement with single crystal kinetic data,

which showed TOFs of ∼0.05 s-1 between 298 and 413 K

over both Pt(111) and Rh(111) surfaces and more C-N bond

scission over the Pt(111) surface than the Rh(111) surface.47

As supported by several pieces of evidence, these results

Figure 5. Initial ethylene hydrogenation activity over (a) Rh30/SBA-
15 and (b) Pt20/SBA-15 after reducing in 76 torr of H2 balanced
with He at different temperature. Reaction mixture was 10 torr C2H4

and 100 torr H2.

Figure 6. TEM image of the dendrimer encapsulated Rh30 nano-
particle, after heating in 76 torr of H2 with He balance at 673 K
for 1 h. Many nanoparticles larger than 2 nm are observed because
of the sintering of small Rh30 nanoparticles.

Nano Lett., Vol. 8, No. 7, 2008 2031



are caused by n-butylamine poisoning of the catalyst surfaces.

First, sum-frequency generation spectra over Pt(111) and

Rh(111) surfaces demonstrated no N-H bands at 363 K,

which suggested strong Pt-N (no H binding to N) interac-

tions.47 Second, butane formation was reported to occur more

rapidly over Pt supported catalysts when pyrrolidine was used

as the reactant rather than n-butylamine.48 Additionally, we

also found that the Pt20/SBA-15 and Pt40/SBA-15 catalysts

were very stable during pyrrole and ethylene hydrogenation.

On the other hand, the Rh15/SBA-15 and Rh30/SBA-15

catalysts lost ∼30% of their activity after 10 h of ethylene

hydrogenation, and similar results were observed during

pyrrole hydrogenation over 3 h. Complete analyses of these

results, including comparison to larger nanoparticles (2 to

10 nm) prepared by other synthetic procedures, demonstrated

that pyrrole hydrogenation is structure sensitive and will be

performed in a future publication.

Discussion of Catalytic Activity. It was reported previ-

ously that the dendrimer encapsulated Pt nanoparticles had

no activity before removing the dendrimer capping.8,9 It was

proposed that dendrimer collapsed onto the nanoparticle

surface upon drying and blocked all active sites.8,9,49 Even

for small molecules like CO, FTIR studies showed that it

can not adsorb onto dendrimer encapsulated Pt nanoparticle

surfaces when the dendrimer encapsulated nanoparticle was

supported and dried on silica and γ-Al2O3 supports.9,49 High

temperature thermal treatments (>300 °C) in O2 and H2 were

needed to activate the dendrimer encapsulated nanopar-

ticle.40,42,50 However, high temperature treatments usually

induce aggregation for small nanoparticles. For example, Sun

et al.42 found the height of a dendrimer encapsulated Pd40

nanoparticle increased from 0.8 to 2.4 nm on a plane mica

surface after flowing O2 at 903 K for 10 min. The decrease

in the density of Pd40 nanoparticles suggested that the

nanoparticles diffuse on the mica surface during the thermal

treatment and agglomerate.42 When dendrimer encapsulated

Pt40 nanoparticles were deposited on γ-Al2O3, an EXAFS

study40 showed that the nanoparticles increased from ∼1 nm

to above 4 nm after a treatment at 673 K. Even when the

dendrimer encapsulated Au or Pd nanoparticles were embed-

ded within a titania support, Scott et al.51 found that the

nanoparticle size increased from 2 to 2.7 nm after calcination

at 773 K. The diameter of the nanoparticles further increased

to 4.4 nm when the calcination temperature was 823 K.

Similar behavior was also observed for titania-supported

PdAu bimetallic nanoparticles.24

To study catalysis over ∼1 nm particles, their aggregation

induced by high temperature treatments should be avoided.

We used an ordered mesoporous silica support, which might

reduce the dendrimer collapse on the nanoparticle surface

before any thermal pretreatment and keep a larger potion of

the nanoparticle surface available for catalysis compared with

amorphous silica and γ-Al2O3 supported nanoparticles.8,9,46

The mesoporous SBA-15 used in this study has closely

packed parallel channels with a diameter of 7 nm, which is

just slightly larger than the diameter of a generation 4

PAMAM dendrimer. When the dendrimer encapsulated

nanoparticles are loaded into the channels of SBA-15, the

internal surface of the channel could provide a 3D support

Table 1. Ethylene Hydrogenation Rates and Activation Energy on SBA-15 Supported Rh and Pt Nanoparticles

catalyst
theoretical number of metal

atoms per particlea Ea (kcal/mol) initial TOF at 298 K (s-1)b,c

Rh15/SBA-15 15 11.4 1.0
Rh30/SBA-15 30 12.3 1.0
Rh NPs26 7-33 k ∼ 0.5d

Rh (111)52
∼ 8.0 4.2

Pt20/SBA-15 20 12.2 4.3
Pt40/SBA-15 40 11.5 3.3
Pt NPs53 0.2-10 k 10 3.5
Pt (111)54

∼ 10.8 6.1
a For Rh and Pt NPs, the number of metal atoms per nanoparticle is estimated by assuming a spherical shape. b Initial rates corrected to 10 torr C2H4,

100 torr H2, and 298 K using corresponding activation energies and assuming zero order and first order dependence for ethylene and H2, respectively. The
dendrimer encapsulated Rh and Pt nanoparticle catalysts were pretreated with 76 torr of H2 and 690 torr of He at 423 K for 1 h. c For dendrimer encapsulated
Rh and Pt nanoparticles, initial TOF was calculated based on 100% metal dispersion. d Reaction conditions were 20 torr C2H4, 100 torr H2, and 350 K.

Figure 7. Reaction results for pyrrole hydrogenation over (a) Rh15/
SBA-15 and Rh30/SBA-15 and (b) Pt20/SBA-15 and Pt40/SBA-15
catalysts. Catalysts were reduced at 423 K in 76 torr of H2 mixed
with He in the ratio of 1:10 for 1 h prior to the reaction. Reaction
conditions were 4 torr pyrrole and 400 torr H2.

2032 Nano Lett., Vol. 8, No. 7, 2008



for the dendrimer framework by strong electrostatic interac-

tions and hydrogen bonding between the terminal hydroxyl

groups of G4OH dendrimers and the internal surfaces of

SBA-15. These could render the surface of dendrimer

encapsulated metal nanoparticles accessible to reactants

during catalytic reactions.

Conclusion. Synthesis of ∼1 nm monodisperse Pt and Rh

nanoparticles was demonstrated using a dendrimer templating

approach. XPS indicated that the as-synthesized Rh and Pt

nanoparticles were mostly oxidized. Dendrimer encapsulated

nanoparticles were immobilized onto a high-surface-area

SBA-15 mesoporous support by electrostatic and hydrogen

bonding interactions between the dendrimers and the silica

support. Catalysts were active for ethylene hydrogenation

without any pretreatment, which could be due to the 3D

support provided by SBA-15. The 3D support may prevent

dendrimer collapsing on the nanoparticle surface and block-

ing of their active sites. After a mild reduction (423 K) in

76 torr of H2 with He balance, catalytic activity was

maximized for ethylene hydrogenation because of the reduc-

tion of the oxidized Rh and Pt in the as-synthesized

nanoparticles. Existence of catalytic activity and preservation

of the small particle size after low temperature treatments

represents a significant advance for further reaction studies

over these small nanoparticles. Reduction at higher temper-

atures (473, 573, and 673 K) led to decreased activity and

was believed to be caused by sintering. Catalytic activity

was further demonstrated over the dendrimer encapsulated

nanoparticles for the pyrrole hydrogenation reaction.
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