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Towards the selective fixation of palladium on composite oxide carriers 
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The selective metallization of a semiconducting oxide (ceria) supported on an insulating oxide (silica) is investigated through 
new methods involving optical and electronic properties of the components of the composite. Supported ceria particles in the nan- 
ometer range are studied. Two methods of Pd deposition are applied: (i) electroless deposition via laser activation of the composite 
suspension in the Pd precursor solution; (ii) UV photoreduction of Pd on the composite. Electroless deposition results in a wide 
distribution of metal particle size, from 2-3 nm to 600 nm, while some ceria particles are not metallized at all. On the contrary, 
photoreduction fixes the Pd on ceria selectively, yielding Pd particles with sizes comparable to that of the ceria. The influence of 
various parameters governing the metal deposition is discussed. 
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1. I n t r o d u c t i o n  

During the last three decades, numerous studies were 
devoted to the influence of  metal -support  interactions 
on the activity and selectivity of  metal catalysts [1,2]. 
Even though the respective roles of the metal particle 
size and of  the properties (acid-base and redox) of  the 
carrier could not  be clearly separated, some interesting 
trends were evidenced. For  example, the use of  basic car- 
riers in Pd catalysts was shown to favour the production 
of oxygenates f rom CO + H2 reaction mixtures [3,4]. 
The modification of  the properties of the carrier need 
not be limited to changing the carrier itself; it can also be 
done through: (i) introduction of  additives, an old prac- 
tise; (ii) the use of  composite oxides. The latter method 
has recently received increased attention especially in 
the papers by Schwarz et al. [5] who have tried to carry 
out the selective fixation of  a metal on just one compo- 
nent of  the composite. The procedure developed by these 
authors is based on the different exchange abilities of  
the two oxide phases, which arise f rom their different 
points of  zero charge (PZC). However,  this method 
seems to be useful only when the disparity of  the PZC is 
large. Moreover,  while modifications in the catalytic 
behaviour have been established [6], the location of the 
metal in the composite has not. We propose another 
approach to achieve the selective fixation of  a metal on 
one component  of  a composite when that component  is 
semiconducting (s.c.) and the other is an insulator. This 
approach exploits the differences in electronic and opti- 
cal properties of  each oxide, the semiconducting being 
susceptible to photoactivation. In the present work, two 
procedures are applied: electroless plating and photoas- 
sisted reduction. 

Electroless plating is an ancient procedure [7] which 
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has lately received renewed attention, in particular in the 
field of  microelectronics [8]. This method has been 
applied recently in the preparation of  supported metal 
catalysts [91. 

Photoassisted reduction is a well-known process 
which has been applied to the preparat ion of  mono- 
metallic and bi-metallic catalysts but, up to now, these 
investigations have concerned exclusively bulk semicon- 
duct ors [ 10-151. 

The selective fixation of  a metal on nanoparticles of  a 
supported oxide offers two points of  interest: (i) an 
increase of  the number of  metal atoms interacting with 
this oxide, (ii) study of  the influence of  the oxide particle 
size, and hence of  its coordinative unsaturation, on the 
metal-oxide interaction. It implies that well character- 
ized highly dispersed oxide samples are available. We 
decided to start this study with CeO2, an n-type semicon- 
ducting oxide because of  its importance in automotive 
exhaust catalysts. Silica, alumina and magnesia were 
selected as the major components  of the carrier, since 
they are all insulating and present large differences in 
acid-base properties. The present work focuses on 
CeO2-SiO2 systems, which have been well characterized 
in our laboratory [16]. Investigations on CeO2-A1203 
and CeO2-MgO are now in progress. 

2. Exper imenta l  

Silica-supported ceria was prepared according to a 
procedure described elsewhere [16] f rom Degussa Aero- 
sil (specific surface 340 m2/g) and cerium(IV) acetyl- 
acetonate. Two classes of  CeO2/SiO2 samples were used 
(table 1). A standard Pd electroless solution was used 
with palladium tetrammine chloride as a metal source 
and hydrazine hydrate N2H4 as a reducing agent [7] simi- 
lar to that used earlier for the metallization of  bulk ceria 
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Table 1 
Characterization of composite oxides 

Sample CeO2 (%) Average particle size (nm) Surface area (m2/g) 

COS23 13.3 4.5-8.5 237 
COS 16 9.8 1-3 246 

[9]. A 1 g aliquot of the composite containing the larger 
particles ofceria (COS23) was immersed into the electro- 
less solution. The stirred suspension was irradiated in a 
quartz cell with an excimer XeC1 laser (), = 308 nm, 
60 mJ/pulse, repetition rate 1 Hz, pulse duration 30 ns) 
during 10 min. The solid obtained after the reaction was 
rinsed many times in distilled water and dried. The Pd 
content was determined by inductively coupled plasma 
emission spectroscopy. 

In the case of photodeposition, the composite powder 
was dipped into the solution of the Pd precursor (0.5 g 
of COS16 for 100 cm3). Two kinds of solutions were 
used: (i) a solution of palladium tetrammine 
(3.7 x 10 -3 M) at pH = 10; (ii) a solution of palladium 
nitrate (5 • 10 -5 M) in a slightly acidic (pH = 5) 1 : 1 
mixture of water and isopropanol. The continuously 
stirred suspension was irradiated with a high-pressure 
mercury lamp (Hanovia, 200 W) during 6 h. 

X-ray photoelectron spectra (XPS) were recorded on 
an ESCA 3 Mark III equipment with an A1 Ka source 
(200 W, 1486.6 eV). Energy referencing was carried out 
with the Si 2p peak of silica at 103.5 eV [17]. STEM 
experiments were performed on a VG HP5 scanning 
transmission electron microscope equipped with an 
energy dispersive X-ray analyser (X-EDS). 

1150 

3.1. Electroless plating of  palladium assisted by laser 
irradiation 

3.1.1. Preliminary remarks 
Electroless plating is a mixed potential reaction con- 

sisting of the anodic oxidation of a reducing agent and 
the cathodic reduction of the metal precursor. The elec- 
trons are transferred from the reducing agent to the 
metal ion via the surface sites of a solid substrate. When 
using a dielectric substrate, a catalytic procedure is 
believed to be necessary for electroless deposition [8] and 
the catalytic sites may be atomic defects created by irra- 
diation [9,18]. Laser irradiation of the composite powder 
serves to activate selectively ceria particles for electro- 
less plating~ 

Without laser irradiation, no Pd deposition was 
observed after several hours at ambient temperature, 
both with CeO2/SiO2 powder (COS 23) and pure silica. 

With laser irradiation, the suspension becomes very 
rapidly grey indicating the onset of deposition. The cor- 
responding reaction may be written: 

2Pd(NH3) 2+ § N2H4 + 4OH-  ~ 2Pd ~ § 8NH3 

-b N2 -1- 4H20 

The Pd content of the metallized composite is 3.6%. 

(1) 

3.1.2. XPS analysis 
The Pd 3d3/2 and 3d5/2 peaks appear at 340.3 and 

335.2 eV respectively (fig. 1A). These binding energies 
correspond to metallic Pd [ 19-23]. 

3.1.3. STEM analysis 
Examination of Pd/ceria catalysts presents particular 

difficulties because of poor contrast and discrimination 
between the two components requires X-EDS analysis. 

As shown in table 2, the samples contain: (a) numer- 
ous small particles with weak contrast showing similar 
Pd and Ce surface loadings; (b) medium size cerium-rich 
particles where Pd is sometimes scarcely detectable; (c) 
some very large palladium-rich particles (appearing as 
monocrystalline on the pictures, not shown) showing 
some contrast which means that Pd is located on both 
silica and ceria. It may be concluded that uncontrolled 
growth of palladium occurred in (c) whereas the palla- 
dium deposition was selective and controlled in (a), (b) 
showing the presence of uncovered ceria particles. 

3.1.4. Discussion 
The results presented above involve the catalytic 

reduction of Pd 2+ ions, which forms Pd ~ nuclei. The rate 
of the electroless deposition is governed by the rate of 
the oxidation of the reducing agent [8]. This oxidation 
may occur both on the activated dielectric surface and 
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Fig. 1. X-ray photoelectron spectra of (A) 3.63% Pd/CeO2-SiO2 pre- 
pared by electroless deposition, (B) 1.20% Pd/CeO2-SiO2 prepared by 
photodeposition in slightly acidic medium. Full line: smoothed 

spectrum; broken line: Shirley background. 
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Table 2 
Sample prepared by electroless deposition 

Area Size (nm) Si (%) Ce (%) Pd (%) 

(a) 2-3 88.0 3.5 8.5 
(a) 2-3 84.8 5.6 9.6 
(a) 2-3 82.7 4.9 12.5 
(a) 2-3 87.8 4.0 8.3 
(a) 2-3 86.8 4.7 8.5 
(a) 4 69.7 26.7 3.6 
(a) 5 81.8 4.0 14.2 
(b) 10 44.2 52.5 3.2 
(b) 10 48.0 49.2 2.9 
(b) 10 41.8 58.2 a 
Co) 12 24.3 75.7 _a 
(b) 16 63.3 34.0 2.7 
(e) 150 39.9 12.6 47.5 
(c) 250 1.6 a 98.4 
(C) 300 44.2 11.6 44.2 
(C) 600 32.8 11.0 56.2 

a Not detected. 

on the deposited metal. However, the oxidation proceeds 
much faster in the vicinity of the metal since the density 
of electronic states around the electrochemical potential 
of oxidation of the reducing agent is much higher in the 
case of metal surface than in the case of the activated 
dielectric, whatever the activation method. In addition, 
whereas the dielectric sites are equivalent in the early 
stages of deposition, there is a critical radius for a metal 
cluster to induce the electroless deposition, around 10 
atoms [8]. Once the deposition starts, the reaction rate is 
proportional to the metal particle surface. This means 
that large metal particles grow faster than small ones. 

For this reason, there are very few large clusters of metal 
(150-600 nm) whereas some dielectric sites are not 
metallized at all. It follows that the metal distribution is 
heterogeneous and non-selective. Hence the electroless 
procedure produces a wide distribution of particle size 
while some ceria sites remain metal-free until the end of 
the reaction. 

Laser-assisted activation of electroless deposition of 
metal is a multistep phenomenon. The selectivity of the 
deposition depends on various factors. First, the fast 
heating of ceria induced by laser radiation may result in 
the formation of dielectric catalytic sites, as it was shown 
previously for bulk ceria [9]. Second, the intense UV irra- 
diation creates electron-hole pairs in ceria (see below 
the section on photodeposition). The photoelectron may 
reduce the adsorbed Pd ions to Pd ~ nuclei which are effi- 
cient sites for electroless deposition. 

3.2. Photodeposition of palladium 

In this section, the composite oxide with smaller ceria 
particles (COS 16) was used. 

3.2.1. Preliminary remarks 
The photodeposition occurs when a semiconducting 

carrier is illuminated with photons of energy E > Eg 
(band gap width) in the presence of the metal precursor 
in solution. The reduction of the metal cation is achieved 
by the electrons produced under illumination provided 
that the associated holes are rapidly consumed by the 
reaction medium. Various types of alcohols may serve as 
hole scavengers [10]. 

Fig. 2. STEM picture of Pd/CeO2-SiO2 prepared by electroless deposition. 
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3.2.2. Photodeposition in basic medium (pH > 9) 
The initially colorless suspension of composite in pal- 

ladium tetrammine becomes slightly grey after 6 h expo- 
sure to UV radiation. XPS analysis of the powder 
obtained (Pd content = 1.96%) shows that the binding 
energies amount to about 338.3 eV for Pd 3d5/2 and 
343.9 eV for Pd 3d3/2, which shows only the presence of 
Pd 2+ [19,22,23]. 

3.2.3. Photodeposition in slightly acidic medium 
(pi-i = 2 -5 )  

In this set of experiments isopropanol was used as a 
hole scavenger and Pd nitrate as a precursor. The sus- 
pension becomes grey after 30 min of irradiation and the 
saturation is achieved within 3-4 h. The Pd content in 
the powder obtained after filtration and drying is 1.2%. 

XPS analysis. The spectra of Pd (fig. 1 B) show two 
abnormally large peaks centered respectively at 336.4 eV 
(3d5/2) and at 342.2 eV (3d3/2). Their binding energies 
(BE) are intermediate between the BE of Pd ~ and the BE 
reported for Pd 2+, that is for the peak 3d5/2: (i) 
335.1 < BE < 335.8 eV for Pd ~ [20,22], (ii) 
BE > 337.0 eV for Pd 2+ [19-23]. On the other hand, 
metallic Pd is clearly identified by X-ray diffraction and 
STEM analysis (see below). Hence the peaks at 336.4 
and 342.2 eV are ascribed to metallic Pd in interaction 
with residual Pd 2+ ions. 

STEM analysis. In this sample (table 3), palladium 
and cerium were always detected together and the Pd/Ce 
ratio increases with the particle size. It follows: (i) that 
palladium was deposited onto ceria particles; (ii) metal 
growth was limited (fig. 3). 

Table 3 
Sample prepared by photodeposition 

Size (nm) Si (%) Ce (%) Vd (%) 

3 66.2 14.6 19.2 
3 76.1 18.1 5.9 
3 83.0 10.6 6.5 
6 54.6 12.0 33.5 
6 54.3 8.9 36.8 
8 54.6 12.0 33.5 
8 47.5 11.9 40.6 

10 46.3 5.8 47.9 
10 54.3 9.2 36.6 
12 48.6 3.9 47.5 
20 25.7 41.7 32.6 
40 42.3 5.5 52.2 
40 16.6 2.4 81.0 

3.2.4. Discussion 
It appears that the photoreduction of Pd in a slightly 

acidic medium results in selective deposition of the metal 
onto ceria nanoparticles. There are traces of unreduced 
Pd on the support; on the other hand, when starting from 
a basic solution, the photoreduction does not occur. It 
is worthwhile to note that the pH of the precursor solu- 
tion plays a crucial role. First, at lower initial pH, ceria 
particles may be dissolved by the solution, and the quan- 
tity of deposited Pd would then be very small since there 
would be not enough solid ceria to be photoactivated. 
This is why intermediate and high pH values were first 
selected in the present work. However, at high pH (> 9), 
Pd 2+ can precipitate as Pd(OH)2, which may deposit 
unselectively on the composite carrier, leading to the 
decrease of the Pd 2+ concentration and, consequently, to 

Fig. 3. STEM picture of Pd/CeO2-SiO2 prepared by photodeposition. 
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a drop of the oxidation potential E. At intermediate 
pH, no precipitation occurs but E still depends on the 
nature of the predominant Pd 2+ species. On the other 
hand, the pH of the solution increases upon irradiation; 
for instance, during 1.5 h of irradiation of the suspen- 
sion, the pH changes from 2.7 (initial value) to 4.3 (end 
of deposition). Similar experiments performed on pure 
(unsupported) ceria show also an increase of pH, which 
is enhanced when the initial pH is changed from 2.1 to 
3.2 (fig. 4). This result may explain the presence of Pd 2+ 
in the experiments carried out at an initial pH = 5. If the 
pH of the solution becomes > 8, the Pd ions may precipi- 
tate and generate a thin hydroxide coating on the palla- 
dium metal previously deposed. The increase of pH 
upon irradiation can be explained by the photoreduction 
ofH + ions to hydrogen atoms. 

Hydrogen atoms adsorbed on ceria may then either 
recombine to yield gaseous H2 or reduce Ce 4+ ions to 
Ce 3+, leading to the partial reduction of the supported 
oxide. During the deposition, the concentration of Pd 2+ 
complexes decreases continuously and so does the elec- 
trochemical potential of the Pd 2+/Pd couple. When the 
Pd 2+ concentration is low enough, the reduction of H + 
ions is favoured, which explains the emission of gas bub- 
bles at the end of Pd reduction. 

On the other hand, the first Pd nucleus deposited 
onto ceria acts as a cathode, while the ceria itself 
becomes an anode, as suggested previously for the 
Pt/TiO2 system [10]; this microcell enhances the deposi- 
tion rate, which leads to the formation of Pd particles 
larger than ceria particles. 

the two oxides (semiconducting ceria and insulating 
silica). 

Palladium deposited via the electroless procedure is 
detected exclusively in the metallic form. On the other 
hand, the distribution of size of Pd particles is very large. 
Along with small particles (2-3 nm), there are also big 
ensembles (150-600 nm), while some ceria particles are 
not metallized at all. This is ascribed to a very rapid 
growth on metallic particles compared to a slow one on 
the dielectric sites. It appears that electroless deposition 
is not convenient to obtain narrow particle size distribu- 
tions on dielectric particles. 

On the other hand, Pd deposition via UV assisted 
photoreduction is better suited for controlling the loca- 
tion of metal particle and their range of size. No Pd-free 
ceria particles have been found. Among the parameters 
governing the photoreduction of Pd, the pH value of the 
precursor solution seems to be the most important. Its 
control maintains the (pd2+/pd) potential below the 
level of the ceria conduction band, a prerequisite to the 
photoreduction [15,24]; it also precludes the precipita- 
tion of palladium hydroxide, taking into account the pH 
increase arising from the photoreduction of adsorbed 
H + ions. The best results are obtained in slightly acidic 
medium (pH ~ 3-5). Such a selective metallization 
method may be extended to any composite system con- 
taining a semiconducting phase fixed on an insulating 
support. Investigations on ceria-alumina and ceria- 
magnesia composites are now in progress. 
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