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The co-reduction of [Rh(C2H4)2Cl]2 and [Pd(Z3-C3H5)Cl]2 with vanadocene [Cp2V] in THF, and

in presence of poly(vinylpyrrolidone) (PVP), gives bimetallic PVP-protected Rh/Pd colloids.

HREM and WAXS experiments show a narrow size distribution centered near 2 nm, indicating

the existence of bimetallic particles rather than physical mixtures of monometallic ones. CO

chemisorption, followed by IR in CH2Cl2, as well as catalytic hydrogenation of quinoline and

phenylacetylene, followed by GC in CH2Cl2 or CH2Cl2/H2O, confirm the presence of core/

shell-structured bimetallic colloids, with Pd atoms surrounded by Rh atoms.

Introduction

Many efficient systems are known to generate nanoparticles.1

This chemistry (and the physical properties) has been sum-

marized in a number of excellent reviews and various infor-

mative contributions to textbooks. The applicability and

success of these systems often depends on their preparative

accessibility.

Bimetallic nanoparticles have been investigated with great

interest due to their interesting physical and chemical proper-

ties resulting from the combination of two kinds of metals. To

the best of our knowledge, the structure of colloidal disper-

sions of Rh/Pd bimetallic clusters were previously prepared by

refluxing a solution of their salts in water/ethanol in the

presence of poly(vinylpyrrolidone) (PVP) and studied by the

extended X-ray absorption fine structure (EXAFS) techni-

que.2 The formation of Rh and Pd clusters, as well as

bimetallic Rh/Pd colloids, was demonstrated. The Rh atoms

of the bimetallic systems were highly dispersed on the surface.

Since Rh and Pd are well known for their high activity in

numerous processes,3 we decided to use the chemical knowl-

edge gained from our early work on Rh and Pd colloids and

employ it to the synthesis of bimetallic Rh/Pd nanoparticles.

Indeed, we reported previously an organometallic route to

access Rh and Pd nanoparticles embedded in PVP via the

reaction of [Rh(C2H4)2Cl]2 or [Pd((Z3-C3H5)Cl]2 with vana-

docene (as a reducing agent) in THF in the presence of PVP.4

These previous investigations account for our interest in the

preparation Rh/Pd bimetallic colloids via our preparative

synthesis. Rh/Pd bimetallic nanoparticles have been synthe-

sized using different ratios of organometallic Rh and Pd

precursors, and the series has been studied so as to attempt

to elucidate the model core/shell of these particles.

Results and discussion

Physical characterization of the colloids

In recent work,4 Rh and Pd colloids were prepared according

to the reaction in Scheme 1, in the presence of PVP (K30-PVP)

as protecting polymer, and isolated as black solids. Both

colloids were characterized by HREM and wide angle X-ray

scattering (WAXS), which evidenced the fcc structure inside

well-dispersed particles.

The Rh/Pd bimetallic colloids here described were obtained

via a similar process. The co-reduction of [Rh(C2H4)2Cl]2 and

[Pd(Z3-C3H5)Cl]2 has been performed in THF with a stoichio-

metric amount of [Cp2V] as reducing agent, and in the

presence of K30-PVP polymer used to trap the colloids

(Scheme 2). Different ratios of the organometallic precursors

were tested and, according to elemental analysis, a wide range

of compositions in the sample Rh/Pd alloys were obtained.

The Rh/Pd preparation, series A for catalytic purposes, used in

this work (vide infra) contained, for example, particles as Rh-

rich as RhPd0.2 and as Pd-rich as RhPd12.5.

Scheme 1 Synthesis of the monometallic nanoparticles.

Scheme 2 Synthesis of the bimetallic nanoparticles.
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This series A was completed by other Rh/Pd bimetallic

colloids (see below for TEM and HREM images) and by

physical mixtures of Rh and Pd colloids, independently pre-

pared according to our previous procedures:4 M1: RhPd4.3,

M2: RhPd1.8 and M3: RhPd0.7. Mixtures M of these different

compositions have been prepared to probe their physical and

chemical properties compared to alloy series A.

TEM and HREM images obtained for several A composi-

tions showed well-dispersed microcrystalline particles. From

measurements of over 200 particles for different RhPd com-

positions (RhPd11, RhPd4.5, RhPd0.4 and RhPd0.7), the aver-

age size from electron microscope observations was

approximately 1.9 nm, with a relatively narrow size distribu-

tion (Fig. 1). Their mean diameter was nearly the same,

irrespective of the composition of the bimetallic colloids.

However, if fringes were precisely observed for particles of

different composition (Fig. 2), their lack of regular periodicity

did not allow the structure of the particles to be determined,

despite the large number of particles investigated. The electron

diffraction pattern obtained for particles RhPd1.5 is shown in

Fig. 2 (insert), and also illustrates the lack of periodicity inside

the particles.5 Their average composition, by the analysis of a

group of particles by EDX attached to a HREM, corresponds

well to the composition obtained by analytical analysis

(though we were unable to probe the composition of indivi-

dual particles). This analytical method is not sensitive enough

to elucidate the detailed chemical order in such small bime-

tallic nanoparticles, and other physical and chemical analysis

methods must be combined.

Structural characterization of samples A3 and A5, mixture

M1, and A1 with A7 as a standard, was undertaken by WAXS

in the solid-state.6 Such small particles only generate broad

patterns, which do not allow for accurate determination of

lattice parameters in the reciprocal space. However, after data

reduction and Fourier transformation, performed similarly to

previous studies,7 well-detailed experimental radial distribu-

tion functions (RDFs) were obtained for A3 and A5, which

gave clear evidence of an fcc organization, also present in both

bulk Rh and Pd (Fig. 3, upper). From the coherence length,

the average diameter is estimated to be 2 nm, in agreement

with TEM.

We then matched simulated RDFs, computed from fcc

models, with the experimental ones in order to determine the

lattice parameter a in the nanoparticles for the different

compositions. The results are reported in Fig. 3 (lower),

together with values reported for the pure metals and the

different alloys at room temperature. The accuracy of our

values is estimated to be 0.001 nm. Two very different beha-

viours can be observed. For the physical mixtureM1, a closely

follows Vegard’s law, drawn from reference structures (R1 and

R2, provided by the ICSD database, and A1 and A7), while for

A3 and A5, values are significantly larger. In fact, for both

samples, a remains very close to the value for pure Pd, which is

Fig. 1 Histogram showing the size distribution of a RhPd0.4 sample.

Fig. 2 HREM micrograph of RhPd1.5, revealing the fringes in the

particles and the microdiffraction pattern observed (insert).

Fig. 3 Upper: Top and bottom experimental RDFs for A5 and A3,

respectively; middle, computed RDF from bulk Pd (solid line) and Rh

(dotted line). Lower: a parameter vs. composition; reference alloys

(symbol U) follow Vegard’s law (linear change with Pd/Rh ratio).
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a very strong indication of segregation of the elements in the

particles. In such a view, these should include a Pd (or Pd-rich)

core, imposing the lattice parameter, surrounded by a

stretched Rh (or Rh-rich) shell. Of course, a more complex

organization, following a different sequence of alloyed layers,

cannot be excluded nor evidenced by WAXS alone, provided

they include a Pd core.

To go further into the characterization of these bimetallic

colloids and to probe their bimetallic synergistic effect, we

have taken advantage of the chemical reactivity of bimetallic

systems already observed in nanoparticles. Characterization of

the surface composition can be realized by chemical probes,

such as carbon monoxide, and catalytic hydrogenation.

CO chemisorption

IR studies have already been used as a technique to determine

the surface composition of bimetallic nanoparticles.1f,8 FTIR

spectra of CO adsorbed at a fixed concentration of Rh and Pd

monometallic colloids dissolved in a solvent were collected, as

well as spectra of the bimetallic colloids and of physical

mixtures at a nearly identical concentration. Comparison of

the intensities of the bands is facilitated by using CH2Cl2
solutions containing the same total content of metallic atoms.

The attributing of the CO frequencies in the Rh and Pd

colloids is based on previous work on surfactant-stabilized

Rh colloids, PVP-Rh colloids and Pd nanoparticles formed in

block copolymer micelles.1f,9 IR spectroscopy of adsorbed CO

on stabilized Rh colloids in CH2Cl2 solvent lead to a spectrum

(Fig. 4, line a) that exhibited six different bands, corresponding

to free CO in solution (used as a standard at 2135 cm�1) and

three different Rh–CO moiety species: geminal/terminal (2070

(m), 2045 (m), 1990 (m) and 1975 (m) cm�1) and bridged (1850

cm�1 (broad, m)). Some shoulders appeared at 2083, 2040 and

2050 cm�1, which could not be attributed with certainty to the

clusters Rh4(CO)12 (4 weak bands at 2074, 2069, 2044 and

1886 cm�1) or Rh6(CO)16 (1811 cm�1).10 A CO chemisorption

study of PVP-Pd colloids in CH2Cl2 solution (Fig. 4, curve e)

showed free CO in solution (2135 cm�1) and two species of CO

coordinated to the surface: terminal/geminal (2065 and 2050

cm�1) and bridged (1930 cm�1).9 IR spectra of CO adsorbed

on bimetallic PVP-Rh/Pd colloids in CH2Cl2 were also col-

lected for different Rh concentrations (Fig. 4, curves b–d).

Only one broad band was observed in the range 1850–

1950 cm�1, and its maximum shifted about 1925–1865 cm�1

when the ratio of Pd decreased. These data suggest that Pd

nanoparticles are masked progressively by Rh nanoparticles,

which prevent the observation of Pd–CO bands.

The comparison in Fig. 5 of the CO bridged region spectra

of bimetallic Rh/Pd colloids with nearly the same composition

(44% Rh/56% Pd) indicates two bands (1890 and 1915 cm�1)

for the mixture of both monometallic colloids (curve c2) and

only one large band (1925 cm�1) for the corresponding alloy

(curve c). On the theoretical spectrum (c1), obtained by the

combination of the Rh and Pd spectra (44% Rh, 56% Pd), we

observe two bands, as in the c2 spectrum. Therefore, we can

confirm that spectrum c corresponds to the existence of

bimetallic particles rather than physical mixtures of mono-

metallic ones, the surface of the nanoparticles being essentially

covered by Rh atoms.

Catalytic hydrogenation of quinoline and phenylacetylene

substrates

Characterization of the surface composition of the nanopar-

ticles could be helped by a catalytic process.11 Our aim was to

compare the catalytic properties of the bimetallic colloids A

and mixtures M to provide chemical evidence that A and M

are of different nature, and that a clear synergistic effect of Rh

and Pd is observed in the bimetallic colloids A.

The first challenge was to find an ideal substrate, the

hydrogenation of which would be activated by one metal

and inhibited by the second. In this respect, quinoline and

phenylacetylene are, respectively, easily hydrogenated in pre-

sence of Rh and Pd colloids as catalysts.

Indeed, our preliminary kinetic measurements of the hydro-

genation of quinoline with Rh-PVP catalyst showed that

quinoline was easily hydrogenated into 1,2,3,4-tetrahydroqui-

noline (rate r = 180 mol h�1 atom�1) but not with Pd-PVP

catalyst (r = 22 mol h�1 atom�1). In contrast, kinetic mea-

surements of phenylacetylene hydrogenation into styrene with

Rh-PVP is less active (r = 315 mol h�1 atom�1) than with

Pd-PVP catalyst (r = 1321 mol h�1 atom�1). Therefore,

quinoline and phenylacetylene are ideal candidates for inves-

tigating the core/shell structure of the bimetallic colloid na-

noparticles.

In previous work, the hydrogenation of phenylacetylene to

styrene and styrene to ethyl benzene by Rh nanoparticles led

to similar rates and with linear variations of concentration

with time, indicating a zero-order with respect to the sub-

strates.12

The same linear variation was obtained for the hydrogena-

tion of phenylacetylene and quinoline using Rh or Pd

Fig. 4 IR spectra of CO adsorbed on: (a) Rh-PVP and (e) Pd-PVP,

and on bimetallic Rh/Pd-PVP colloids containing (b) 84% Rh, (c)

44% Rh and (d) 12% Rh, respectively.

Fig. 5 IR spectra of CO adsorbed on Rh/Pd-PVP colloid (c), a

mixture of monometallic colloids (c2) and theoretical mixture (c1) with

44% Rh and 56% Pd in each case.
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nanoparticles, therefore corresponding to a zero-order with

respect to both substrates. The catalytic hydrogenation reac-

tions were also examined for catalyst concentration and

hydrogen pressure effects. By increasing the dihydrogen pres-

sure (2, 3 and 4 bar at 40 1C), the rate of quinoline hydro-

genation was enhanced (r = 915, 1290 and 2040 mol h�1

atom�1), with a first-order dependence. The same effect had

already been observed with phenylacetylene (r = 2.5 and 1.3

mol h�1 atom�1 for 7 and 3.5 bar, respectively, at 60 1C).12

The effect of catalyst concentration also indicates a first-order

dependence for both systems. So, by using the same kinetic

model for mono and bimetallic systems, the rate law for all

catalysis can be written as: r= k � [catalyst] � PH2
where k=

apparent rate constant and P = partial pressure.

The hydrogenation of quinoline was tested using monopha-

sic liquid systems (CH3OH or CH2Cl2) and a biphasic liquid

system (CH2Cl2/H2O), where the catalyst was dispersed in the

aqueous phase. The reaction was monitored by GC. In Fig. 6,

we can compare the hydrogenation rates obtained when

biphasic conditions (CH2Cl2/H2O) were used for different

Rh/Pd-PVP concentrations, calculated in terms of % Rh atom

fraction (line a: A1–A7), with the values corresponding to the

same catalysts dispersed in methanol (line c).

It is interesting to note that the reactivity is slightly im-

proved in presence of methanol due to a better dispersion of

the colloid and/or higher solubility of dihydrogen in methanol.

The different concentrations corresponding to each entry are

reported in Table 1.

Fig. 6, line b corresponds to simple physical mixtures of

monometallic Pd and Rh catalysts (M1, M2 and M3) of

different composition using a two-phase system (CH2Cl2/

H2O) (see Table 1).

The observed rate is the sum of the two rates obtained for

the catalysis of individual Rh/PVP and Pd/PVP systems, and

is, for this reason, directly dependent on the relative composi-

tion of the mixture of the two colloids. So, the expected and

observed variation is linear (line b).

It appears that, for a given composition, the bimetallic

catalysts are more active than a simple mixture of monome-

tallic colloids (line a 4 line b). At this point, enhancement of

catalytic activity could suggest the selective locations of Rh

atoms in the bimetallic Pd/Rh nanoparticles.

It can be seen in Table 1 that the addition of Rh enhanced

the activity of biphasic conditions (A1–A3), as well as of

monophasic ones (CH3OH or CH2Cl2), and that for a Rh

content of greater than about 20%, the activity remained

similar to that of pure Rh colloids A7.

Exposure of colloid A4 to air over 3 d did not change the

hydrogenation rate in the CH2Cl2/H2O system; this gives

evidence of the absence of significant oxidation of the particles.

The hydrogenation of phenylacetylene was tested using

monophasic systems (CH3OH or CH2Cl2).
13 The catalysis

was stopped at the first step of the reaction, corresponding

to the formation of styrene, on account of the same hydro-

genation rate value of styrene into ethylbenzene.

Fig. 7 reports the hydrogenation rates of phenylacetylene

obtained from Rh/Pd-PVP samples of different composition in

CH3OH (line a, samples A1, A4, A8 and A7) and CH2Cl2 (line

b, samples A1, A3, A4 and A7). It is interesting to note that the

rate values correspond to an opposite situation compared to

that obtained for quinoline hydrogenation; monometallic Pd

colloids are more effective for phenylacetylene hydrogenation,

but when Rh content is added, the catalytic activity decreases

to reach the activity of pure Rh nanoparticles when only 20%

Rh is present in the bimetallic colloid. Line b0 of Fig. 7 is

directly dependent upon the relative composition of the mix-

ture of the two colloids, and corresponds to the sum of the two

catalytic rates due to Rh-PVP and Pd-PVP; the rate value

expected for a simple physical mixture of monometallic Pd and

Rh catalysts (M3) is indeed observed, showing again the

Fig. 6 Hydrogenation of quinoline under biphasic conditions

(CH2Cl2/H2O) for bimetallic colloids (line a), under biphasic condi-

tions (CH2Cl2/H2O) for mixtures of monometallic colloids (line b) and

under monophasic conditions (CH3OH) for bimetallic colloids (line c).

Table 1 Hydrogenation rate values of quinoline for monometallic and bimetallic colloids (A1–A7), and for physical mixtures of monometallic
colloids (M1–M3) in different solvents

Catalyst Rh (%wt) Pd (%wt) Atom fraction Rh (%) Relative proportions

Rate/mol h�1 atom�1

CH2Cl2/H2O CH3OH CH2Cl2

A1 0.00 8.43 0.0 Pd 22 19 24
A2 0.80 10.30 7.4 RhPd12.5 95
A3 2.45 11.45 18.1 RhPd4.5 162 214 125
A4 5.56 7.87 42.2 RhPd1.4 170 212 158
A5 6.96 3.28 68.7 RhPd0.5 185 234
A6 6.30 1.20 84.0 RhPd0.2 181
A7 5.00 0.00 100.0 Rh 180 242 147
M1 19.0 RhPd4.3 63
M2 35.6 RhPd1.8 93
M3 60.0 RhPd0.7 121

This journal is �c the Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2007 New J. Chem., 2007, 31, 218–223 | 221
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different catalytic behaviours of bimetallic Rh/Pd nano-

particles and their physical mixtures.

Catalyst A4 was recovered by evaporation after catalysis.

Observation by TEM showed well-dispersed nanoparticles

with a narrow size distribution centred near 2–2.5 nm, which

is quite similar to that obtained before catalysis.

Conclusions

The catalytic results obtained in the hydrogenation of quino-

line showed, unambiguously, a significant enhancement of the

activity by the bimetallic colloids A, in comparison to the

linear additive effect of Rh and Pd observed for the physical

mixtures M. For the hydrogenation of phenylacetylene, Rh

atoms could be considered as inhibitors of the bimetallic

catalyst. The maximum or minimum activity of the bimetallic

colloids were exhibited at nearly RhPd4, depending on the

substrate. For the highest Rh content, the activity of the

bimetallic colloids could be considered monotonic and similar

to that of the pure Rh colloids. This suggests that Rh atoms

are preferentially at the surface on the bimetallic colloids, as a

shell that serves as a catalytic promoter for the quinoline, or, a

contrario, a protective shell over the Pd core that prevents the

catalytic hydrogenation of the phenyl acetylene (bearing in

mind that quinoline and phenyl acetylene are almost specifi-

cally hydrogenated in the presence of Rh or Pd nanoparti-

cles).14 A similar result was observed in the catalytic

hydrogenation of crotonic acid by a bimetallic PtRh system,

in which a PtRh4 colloid showed the maximum activity.15

In summary, we have found that the organometallic one-pot

route, which uses variable mixtures of Rh and Pd precursors

[M(I)Cl]2 (M = Rh(C2H4)2, Pd(C3H5), and Cp2V as a redu-

cing agent in the presence of PVP, gave core/shell Pd/Rh

bimetallic colloids of different composition and similar size

(nearly 2 nm). HREM showed the crystallinity of these

bimetallic colloids from their fringes, whereas WAXS techni-

ques demonstrated the core/shell Pd/Rh structure of these

nanoparticles. By combining chemical techniques—CO ad-

sorption and catalytic hydrogenation—the synergistic effect

of both metals was emphasized, possibly due to the selective

locations of the Rh atoms in the core/shell structure of these

bimetallic nanoparticles.14

Experimental section

Synthesis and characterization of the nanoparticles

Synthesis of the nanoparticles was carried out under an inert

Ar-atmosphere in a glove box. The Rh and Pd nanoparticles

embedded in PVP were prepared according to our previous

published procedure.4 The different mixturesM were prepared

from weighted A1 and A7 colloids dissolved in MeOH.

After stirring 1–2 h, the solvent was evaporated and the dark

grey solid dried in vacuo. The bimetallic colloids were prepared

by the simultaneous reduction of [Rh(C2H4)2Cl]2 and

Pd(Z3-allyl)Cl]2 with [Cp2V] in presence of poly(N-vinyl 2-

pyrrolidone) (PVP, K-30) typically as follows. A mother

solution of 800 mg PVP in THF (20 mL) was divided into two

equal volumes and added to a THF solution (10 mL) of

174 mg [VCp2] (0.96 mmol), and to a THF solution

(10 mL) containing 95 mg of freshly prepared [Rh(C2H4)2Cl]2
(0.24 mmol) and 86 mg of [Pd(Z3-allyl)Cl]2 (0.24 mmol).

Under vigorous stirring, the Cp2V solution was added drop-

wise to the other solution. The resulting combined solution

turned black and stirring was continued for 12 h, during

which time the colloids precipitated. The solution was con-

centrated to 5 mL, and toluene (15 mL) was added. The

resulting black solid, PVP-protected Rh/Pd colloids, was

filtered and washed thoroughly (10 mL toluene/THF 3 : 1, 3

� 10 mL toluene/THF 2 : 1 and 10 mL toluene/THF 1 : 1).

The black solid thus obtained was finally dried (710 mg).

Elemental analysis: A1: Pd 8.43%; A2, RhPd12.5: Rh 0.8%, Pd

10.30%; A3, RhPd4.5: Rh 2.45%, Pd 11.45%; A4, RhPd1.4: Rh

5.56%, Pd 7.87%; A5, RhPd0.5: Rh 6.96%, Pd 3.28%; A6,

RhPd0.2: Rh 6.30%, Pd 1.20%; A7: Rh 5.00%; A8, RhPd5.8:

Rh 1.23%, Pd 7.69%.

TEM samples were prepared by the slow evaporation

in a glove box of one drop of a diluted solution of the product

in methanol, deposited on a carbon coated copper grid.

Reproducible HREM images were obtained from samples

produced by independent syntheses. The experiments on

RhPd1.5 were performed on a Philips CM 30/ST operated at

300 kV with a point resolution of 0.19 nm. HRTEM images

of isolated particles were digitized at a resolution of 0.03 nm

pixel�1 and analysed using their numerical diffractograms

(Fourier transforms). TEM of the particles in MeOH solution

under H2 and after catalysis was performed on a JEM

2010 operating at an accelerating voltage of 200 kV with a

point resolution of 0.23 nm. Samples were prepared in a glove

box under argon and were examined at a magnification

between 100 and 400 K. For each sample, and due to the

small size of the particles, the diameters of a large number of

particles were determined from enlarged photoimages in order

to obtain a statistically good size distribution (nearly 200

particles).

Solid samples for WAXS experiments were introduced

into thin-walled Lindemann capillaries of 1.5 mm diameter

in a glove box filled with argon; the capillaries were sealed

for the experiments. Measurements were carried out as

previously described.6,7 Reproducible WAXS patterns

were obtained from samples produced by independent

syntheses.

Fig. 7 Hydrogenation of phenylacetylene for bimetallic colloids in

CH3OH (line a), CH2Cl2 (line b) and for the M3 mixture of mono-

metallic colloids in CH2Cl2 (line b0).
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IR spectroscopy of adsorbed CO

The colloid (15 mg) was dissolved in CH2Cl2 under argon so

that the total content of metallic atoms was 6 mmol L�1. The

solution was treated with CO (5 bar), stirred for 30 min at

room temperature to stabilize the system and then vented. IR

spectra were recorded by a Perkin-Elmer Spectrum GX using a

CaF2 cell (1 mm).

Catalysis experiments

Hydrogen C-grade was supplied by Air Liquide. The catalytic

reactions were carried out in a 250 mL Fisher–Porter bottle

connected to a H2 tank, and maintained at 40 1C in an oil

bath. GC analyses were performed on a HP 4890, equipped

with a 25QC5/BPX5 (25 m) column for the hydrogenation

of quinoline, and with a Nukol phase column (Supelco 15 m)

for the hydrogenation of phenylacetylene. The small size of

the particles exclude the presence of internal mass transfer

limitations. The first-order reaction, in respect to the

solid catalyst, confirms the absence of external mass transfer

limitations. The [catalyst]/[substrate] ratio (1/270 or 1/1000)

was calculated according to the global concentration of Pd

and Rh atoms contained in the [Rh-Pd/PVP] catalyst. In a

typical experiment, colloids (11.1 mg of A5) and de-ionized

H2O (5 mL) were stirred at 1000 rpm for 20 min until

complete dissolution of the catalyst took place. Then, 10 mL

of a solution of quinoline (0.3 mol L�1) in CH2Cl2, containing

tetradecane as internal standard, are added and H2 admitted

(7 bar). Samples of the organic phase were removed from time-

to-time for GC analysis. The catalyst was easily separated by

decanting the aqueous phase.
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