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Abstract

The afterglow of a microwave plasma (2.45 GHz) of dihydrogen is used for the preparation of zeolite-supported gold-based metallic
catalysts. It contains hydrogen atoms at a sufficiently low temperature for the formation of nanoparticles, whereas the conventional reduction
of gold at high temperature often leads to large particles.

The study concerns the search for optimal conditions for the preparation of monometallic (Au or Pt) and bimetallic (Pt–Au) catalysts. The
following experimental conditions are examined: position of the sample in the afterglow, exposure time, gas pressure, composition of the
sample for bimetallics, type of zeolite (NaY or HY).

Direct images of supported metal particles are obtained by transmission electron microscopy (TEM). The sizes and dispersion of the
particles are determined from TEM photographs (mean diameterdm, volumic diameterdv and dispersionD). The dispersion of platinum
atoms is also determined by dihydrogen chemisorption. The particles obtained are less than 5 nm in size, and are stable to thermal treatment.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Metallic catalysts are widely used in industry but they are
also much studied in research laboratories. The main indus-
trial applications include hydrogenation of oils, petroleum
refining to obtain petrol with high octane rating, oxida-
tion, hydrocarbon isomerisation, and processing of vehicle
exhaust gases to decrease environmental pollution. These
catalysts are efficient when the metal is in the form of very
small particles with a high degree of dispersion.

It was found that supported gold can be very selective:
this metal can catalyse dioxygen transfer, for example, in
the oxidation of pentanol to pentanal by NO2 [1], dihydro-
gen transfer, as in the hydrogenation of pentene to pentane
[2], as well as isomerisation[3]. The fact that its activity
is lower than that of group VIII metals can be explained
by the absence of unpaired d electrons in its electronic
structure ([Xe] 4f145d106s1) which prevents it chemisorb-
ing dihydrogen or dioxygen at ambient temperature. A very
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interesting application of gold in heterogeneous catalysis
is its association with group VIII metals, notably platinum
[4,5] and palladium[6,7]. Gold is introduced either to in-
crease the dispersion of the more active metal, or increase
the turnover number, selectivity or stability[5,8].

However, gold tends to sinter easily and in catalyst prepa-
ration conventional reduction of gold in molecular dihydro-
gen at high temperature very often leads to large particles,
especially with zeolites as support[9]; these particles are
not active catalysts. A certain number of studies were car-
ried out on the preparation of gold-based catalysts supported
on zeolites[10,11] and several patents have been taken out
[12–14].

Several recent studies deal with catalyst preparation by
means of different kinds of plasmas[15–19], with catalyst
activation or catalytic reactions using microwaves[20–24].

In a previous study[25], we explored the possibility of a
mild reduction to obtain nanoparticles of pure gold, pure pal-
ladium and mixed Au/Pd supported on zeolites. The method
consists in using the afterglow of a dihydrogen microwave
plasma (2450 MHz) which contains active species (mainly
atomic hydrogen) and which makes it possible to work at
a kinetic temperature low enough to avoid the formation of
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large particles. Dihydrogen is dissociated in the plasma to
the extent of several tens of percent depending on experi-
mental conditions (pressure, gas flowrate, microwave power,
etc.). Since hydrogen atoms have low homogeneous[26] and
heterogeneous[27] recombination rates:

H + H + H2 = 2H2,

k = 2.7 × 10−31 × T−0.6 cm6 molecule−2 s−1

H + silica = 0.5H2,

γ(300 K) ≈ 10−5 up toγ(1000 K) ≈ 10−3

they remain in the afterglow well beyond the plasma in our
experimental conditions. In the afterglow the gas tempera-
ture decreases quickly after the plasma, so downstream the
plasma there is a reducing medium at low temperature. This
medium seems quite suitable for gold reduction.

To develop this original reduction procedure, previous
results for the elaboration of gold, palladium and platinum
particles were taken into consideration. For example, in
chemical reductions it was noted that palladium is more
easily reduced when its ions are totally decomplexed by
calcination at 300◦C in pure dioxygen[28]. On the other
hand, it is impossible to decomplex gold without it being
reduced by the ligands, even in a strong current of dioxy-
gen; this autoreduction phenomenon leads to the formation
of large particles which migrate out of the zeolite lattice
[9]. It is therefore necessary to compromise when the two
metals have to coexist in the same sample.

The method developed for gold and palladium was ap-
plied to platinum and mixed Pt–Au particles. The influence
of the following experimental conditions was studied: sam-
ple position in the afterglow, exposure time in the afterglow,
H2 pressure, bimetallic sample composition and support
type (NaY or HY zeolite).

Direct images of supported metal particles were obtained
by transmission electron microscopy (TEM), carried out
with a Jeol JEM 100 CXII apparatus (resolution 0.3 nm and
spherical aberration factor 0.7 nm). From these pictures, the
size (mean diameterdm and volumic diameterdv) and dis-
persionD of the metallic clusters were obtained.

2. Experimental

2.1. Sample preparation

The support is a synthetic faujasite type Y zeolite
(Na52[(AlO2)52(SiO2)140]·156H2O where Si/Al = 2.7)
supplied by UOP. Several samples were also prepared using
an acidified zeolite as the support (75% of Na+ ions being
replaced by H+). In what follows the non-acidified zeolite
is referred to as NaY and the acidified one as HY.

Metals are introduced into the zeolite by means of cation
exchange using metallic complexes. Gold ethylenediamine is
introduced onto the support by using the cation Au(EN)2

3+

where EN is ethylenediamine (H2N–CH2–CH2–NH2),
whose synthesis is described by Block and Bailar[29]. Plat-
inum is introduced by means of Pt(NH3)4

2+ complexes.
The reactions to obtain metallic precursors are schemati-
cally represented as follows:

2Na+
(zeolite) + [Pt(NH3)4]2+

aq.

24 h,80◦C
� 2Na+

aq.

+ [Pt(NH3)4]2+
(zeolite)

3Na+
(zeolite) + [Au(EN)2]3+

aq.

24 h,60◦C
� 3Na+

aq.

+ [Au(EN)2]3+
(zeolite)

For platinum, exchange is followed by calcination under
strong dioxygen flow (6 l/h) at 300◦C for several hours.
This step allows elimination of the ligand from the cation
without causing reduction. Calcination is a crucial step for
metallic particle formation: cations without ligands are small
enough to migrate partly into the small cages where they
are better coordinated[30]. In the case of gold, calcination
is not carried out because beyond 60◦C there is formation
of large particles which migrate out of the pores.

Bimetallic precursors are elaborated in successive ex-
changes, first platinum then gold. After filtration under vac-
uum, the powder is dried and the precursors can be reduced.
To assess the suitability of the method, elementary analysis
was performed on some samples; results show that cation
exchange is complete.

Metallic catalysts are then obtained by reduction under a
flowing dihydrogen afterglow as explained below.

The monometallic samples contain about 1% (w/w) of
gold and 3% (w/w) of platinum. For the bimetallic samples,
different proportions of gold are added to 3% (w/w) of plat-
inum (Pt–Au: 70–30, 60–40, 40–60 and 20–80).

2.2. Sample reduction

Reduction in the afterglow is shown schematically in
Fig. 1. The discharge is produced inside a 10 mm inner
diameter fused silica tube. Microwave power (2.45 GHz,
0–1500 W) is transmitted to the flowing dihydrogen by
means of a cylindrical cavity connected to a microwave
generator. Incident (Π i ) and reflected (Πr) powers are
measured by a powermeter (HP 432 A) connected to ther-
mistors (HP 478 A). Energy losses in the line are assumed
to be negligible, so the energy absorbed by the gas isΠ =
Πi − Πr. The gas pressure,P, and the gas flowrate,F, are
measured by means of a baratron gauge (MKS 122A) and a
mass flowmeter (Alfagaz RDM 280), respectively. Research
grade dihydrogen (99.995% minimum) is purchased from
Air Liquide.

The sample is placed in a silica nacelle which slides inside
the reactor in the afterglow zone, and can be positioned at
different distances,z, from the plasma. The reduction time
τr and absorbed microwave power,Π, are also varied, so
that the reduction conditions can be changed.
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Fig. 1. Experimental setup.

The gas temperature is obtained by means of a Pt–Pt 10%
Rh thermocouple coated with a silica sheath. The surface
temperature of the silica sheath is not the gas temperature,
because there are reactions on the surface, but this tempera-
ture gives an idea of the maximum value of the gas temper-
ature,Tg (Fig. 2).

This method was developed with palladium[25] and then
applied to platinum and gold and their mixtures. The fol-
lowing parameters were investigated:

• time of reduction (τr);
• distance (z) between the sample to be reduced and the

cavity;
• microwave power (Π);
• the atomic ratio= mole number of Au/mole number of

Pt for mixtures.

A preliminary study showed that the flowrate does not
influence the reduction processes and it was kept at 10 or
20 ml/min (measured in standard condition). The pressure
was kept constant at 1 mbar for most of the experiments.

2.3. Sample characterisation

(a) TEM. The particle sizes are determined from TEM pho-
tographs of a very large number of particles (several
hundreds) and plotted on histograms so as to calculate

Fig. 2. Temperature along the afterglow.

the mean diameter,dm, the volumic diameterdv and the
dispersion,D, for each sample:

dm =
∑

i nidi
∑

i ni

and dv =
∑

i nid
3
i∑

i nid
2
i

D = ns

nt

wherens is the number of atoms on the surface of the
particle andnt the total number of metal atoms.

The dispersion, i.e. the ratio between the number of
metal atoms at the surface of the particles and the to-
tal number of atoms, is calculated by using the plot of
dispersion as a function of volumic diameter. This plot
was set up by Anderson et al.[31] for platinum accord-
ing to the method of Van Hardeveld and Hartog[32]
based on the crystalline growth of the metals (ccf) in
the particles. We have assumed it can be used also for
gold since all the two metals crystallise in the same sys-
tem (ccf) with about the same metal diameter (ΦAu =
0.144 nm, ΦPt = 0.138 nm). An example of a histogram
is given inFig. 3.

(b) Dihydrogen chemisorption. This method is used to de-
termine the metal dispersion by means of adsorption

Fig. 3. Electron microscopy analysis of a Pt70–Au30 on NaY sample
(histogram).
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Table 1
Size and dispersion of platinum samples

Support τr (min) z (cm) Π (W) dm (nm) dv (nm) D (%)

NaY 30 12 180 1.7 2.8 43
NaY 30 14 180 1.3 1.7 70
NaY 30 19 180 1.1 1.6 75
NaY 30 27 180 1.7 2.7 44
NaY 60 12 150 1.5 2.2 55
HY 30 12 100 1.8 2.1 58
HY 30 19 150 1.1 1.7 70
HY 30 24 150 1.1 1.4 85

Table 2
Size and dispersion of gold samples

Support τr (min) z (cm) Π (W) dm (nm) dv (nm) D (%)

NaY 30 12 180 1.7 2.5 48
NaY 30 12 180 1.7 2.8 43
NaY 30 19 180 1.6 2.1 58
NaY 30 30 180 0.8 1.6 75
NaY 30 25 150 1.7 2.4 50
NaY 30 30 100 0.9 1.5 80
NaY 30 30 100 1.2 1.4 87
NaY 60 12 150 1.5 2.2 55
NaY 60 12 180 2.4 3.2 37
HY 30 25 170 1.1 3.1 39
HY 30 30 150 1.8 3.1 39

of dihydrogen on metals. In the case of bimetallic
compounds if one of the two components does not
adsorb dihydrogen, only the fraction of the metal that
chemisorbs can be determined by this method (in this
work only platinum is detected since gold does not
adsorb).

3. Results

The main results concerningdm, dv andD are displayed
in Tables 1 and 2and inFig. 4afor monometallic samples,
and inFigs. 4b–6for bimetallic samples.

Fig. 4. Dispersion versusz; support= zeolite NaY,τr = 30 min, Π = 180 W.

Fig. 5. Dispersion versusz for bimetallic clusters Pt–Au (40/60); support
HY (+) and support NaY (�).

Fig. 6. Dispersion versus % of platinum measured by TEM and chemisorp-
tion; support= NaY, z = 27 cm,τr = 30 min, Π = 180 W.

3.1. Mean diameters and dispersion

The mean diameter does not exceed 3 nm and the order
of magnitude of the dispersion is quite suitable for mono- or
bimetallic catalysts[33]. The dispersion increases for gold
with the distance downstream the plasma (i.e. as the tem-
perature gets closer to the room temperature) while for plat-
inum dispersion goes through a maximum for a distance of
about 20 cm. InFig. 4b, it is shown that the catalyst with the
higher percentage of gold (Pt–Au= 20/80) has the same
behaviour with respect toz as pure gold.
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Table 3
Size and dispersion of bimetallic samples before and after thermal treatment

Pt–Au Gas stream τr (min) z (cm) Before thermal treatment After thermal treatment

dm (nm) D (%) dm (nm) D (%)

70–30 Noxal 30 12 1.3 55 1.2 62
60–40 O2 30 18 1.1 67 1.3 60
40–60 O2 30 19 1.6 37 1.7 45
20–80 O2 30 20 1.2 58 1.2 55

The non-acidified NaY zeolite gives the best results (bet-
ter dispersed metal, smaller metal particles of more homo-
geneous size) for pure gold as for pure palladium[25]; it is
the contrary for platinum.Fig. 5 shows the dispersions of
bimetallic Pt–Au (40–60) particles on HY and on NaY ver-
sus distancez. The dispersions with the two supports are in
the same order of magnitude.

The role of microwave power and the time of exposure in
the afterglow are not significant in the range used.

3.2. Comparison of dispersion measured by TEM
and chemisorption

Fig. 6 shows the dependence of the dispersionD on the
percentage of platinum measured by TEM and chemisorp-
tion. D measured by chemisorption increases with the
platinum ratio. When TEM is used, the dispersion seems
to be roughly constant. TEM measures all the atoms on the
surface while chemisorption gives results only for platinum
(gold does not absorb dihydrogen). These results show
that mixed clusters were obtained, i.e. the particle surface
consists of gold and platinum atoms. For pure platinum,
the dispersions obtained by both methods agree within the
limits of experimental accuracy.

3.3. Thermal stability of samples

Since the reduced samples are to be used as catalysts,
it is essential to check their thermal stability. The thermal
treatment of samples consists in heating them in a stream
of Noxal (mixture of 5% H2 and 95% Ar, 100 ml/min) or in
a stream of O2 with a small temperature gradient (24◦C/h)
up to 300◦C and keeping them at this temperature for 15 h.
The effect of this operation can be to sinter the metal. The
results are shown inTable 3.

Given the accuracy of the particle diameter determination
(about 20%),dm andD are in the same order of magnitude
before and after thermal treatment; consequently, the thermal
stability of these samples is quite good.

4. Conclusion

The afterglow of a dihydrogen plasma was used to re-
duce metallic precursors and obtain mono- (Pt or Au) and

bimetallic (Pt–Au) nanoparticles supported on Y zeolite.
This afterglow is a medium where reducing species (H
atoms) are found at low temperature. The mean diameter
of the particles obtained is less than 3 nm and the particles
are quite well dispersed in the pores. Moreover the thermal
stability of the samples is satisfactory, in that the particle
sizes are of the same order of magnitude before and af-
ter thermal treatment. For bimetallic samples (Pt–Au), the
dispersion obtained by means of dihydrogen chemisorption
shows that the surface of the particles consists of a mixture
of gold and platinum atoms. Consequently, the afterglow of
a dihydrogen plasma appears to be a suitable medium for
preparing dispersed gold-based metallic catalysts.
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