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The synthesis and characterization of nanosized materials

is an important issue in basic science research as well as in

technological applications, as they have their own charac-

teristic optical, electronic, magnetic, and catalytic properties

greatly different from the bulk materials. Therefore,

considerable effort has focused on the size and shape

selective nanocrystal growth using a variety of synthetic

methods including templating, electrochemistry, photo-

chemistry, and seeding.

Since powders and films of mesoporous silica have

uniform pore diameters in the range of 4-30 nm and large

surface area,1 these materials have been a promising

template for the growth of various materials including

polymers,2-4 semiconductors,5-9 metals,10-14 and metal

oxides.15,16 Extensive efforts have been directed to the

formation of metal nanoparticles inside the mesoporous

structures via a solution-based infiltration process. Stucky

and coworkers reported the preparation of isolated

freestanding metal (Au, Ag, Pt) nanowires using SBA-15,

followed by removal of the silica frame-work.13 Chemical

vapor infiltration of volatile metal precursors and their

subsequent decomposition in the channels of mesoporous

silica have been also reported.11,17 Recently, a sonochemical

method has been utilized for the preparation of SBA-15-

supported Ru nanoparticles by irradiating the Ru(III)

mixture with intense ultrasound.18 Generally, the confined

nanoparticles within the pores of mesoporous silica have

shown an improved stability. However, the processes using

mesoporous silica have sometimes resulted in poor morpho-

logy control and undesired particle formation outside silica

surface. 

In this note, we describe a simple sonication-assisted

synthetic route for the production of highly dispersed and

uniform PdO nanoparticles within the pore channels of

SBA-15 without any surface modification outside SBA-15.

Most of PdO nanoparticles were imbedded inside the pores

of SBA-15, which was confirmed by the analysis of a series

of through-focused transmission electron microscope (TEM)

images.19

In this study, PdO nanoparticles were prepared within the

pore channels of mesoporous silica since it has been shown

that these have catalytic applications in many reactions as

well as sensor applications.20-22 It has been also reported that

PdO nanostructures are easily converted to Pd,15 which has

extensive catalytic applications, by H2 reduction process at

an elevated temperature.

Experimental Section

Powder of SBA-15 was prepared using triblock copol-

ymer EO20PO70EO20 as a structure-directing template in

accordance with a procedure reported in the literature.1 The

triblock copolymer templates inside the mesopores were

removed by calcination at 550 oC for 5 h. 80 mg of as-

synthesized SBA-15 mesoporous silica was dispersed in a

0.1 M Pd(NH3)4Cl2 1 : 1 v/v H2O-EtOH solution to incorpo-

rate Pd(NH3)4
2+ species into the channel pores of SBA-15 by

exploiting the weak ion-exchange capability. The mixture

was ultrasonicated for 2 h at room temperature by a

commercial ultrasonic cleanser (Branson 1510). The white

product was filtered, rinsed with deionized water several

times, and dried in a vacuum oven overnight. The dried

product was calcined in air at 300 oC for 2 h. The color of the

resulting powder was light brown.

Results and Discussion

Figure 1a shows the low angle X-ray diffraction patterns

of as-synthesized SBA-15 and the d100 spacing was 9.5 nm.

X-ray diffraction patterns of PdO loaded SBA-15 is shown

in Figure 1b. The main diffraction peaks indexed as (100),

(110), and (200) were well maintained even after the

impregnation process of PdO nanoparticles, which indicates

that well-ordered hexagonally packed mesopores of SBA-15

were retained. Furthermore, all diffraction peaks were not

shifted even after the loading of PdO nanoparticles with the

same d100 spacing of 9.5 nm, implying that our two step

synthesis was so mild that the incorporation of PdO

nanocrystals did not induce any structural changes of as-

made SBA-15. There were several reports on the enlarge-

ments of d spacing due to the formation of semiconductor

nanoparticles inside the pores of mesoporous silica,8,9

implying that the silica channels were physically opened up

by the incorporated particles. Recently, Somorjai and

coworkers23 have shown that d spacing of Pt-imbedded

SBA-15 was very similar to that of pristine SBA-15,
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indicating that the pore channels of mesoporous silica were

not disturbed by the inclusion of Pt nanoparticles.

High angle diffraction peaks were observed after the

impregnation step of PdO nanoparticles. From the wide

angle X-ray diffraction peaks, 33.9, 41.9, 54.8o can be

indexed as (101), (110), and (112) faces of the PdO

nanoparticles.24 (see Figure 1 inset).

TEM image of as-synthesized SBA-15 is shown in Figure

2a and it shows that the diameters of mesopores of SBA-15

were in the range of 5-6 nm. Figure 2b shows the TEM

image of PdO loaded mesoporous silica. Extensive for-

mation of highly dispersed and uniform PdO nanoparticles

were observed inside the SBA-15 and no bulk aggregation

of metal oxide on the external surface of the SBA-15. This

result was probably due to sonication-assisted inclusion of

metal precursors, Pd(NH3)4
2+, via a capillary action into the

pores of mesoporous silica. A high magnification image of

the sample is shown in Figure 2c. A series of through-

focused TEM images around the Scherzer focus of PdO

loaded SBA-15 were obtained and it was confirmed that

these uniform-sized PdO nanoparticles were actually

imbedded within the pore channels of SBA-15. Without

sonication, the production of uniform and highly dispersed

nanoparticles was reduced under a similar reaction condition

(Figure 2d). This result implies that sonication plays an

essential role to promote homogeneous inclusion of

Pd(NH3)4
2+ on the entire silica channels. Sonication-assisted

inclusion of nanoparticles into the pores of mesoporous

silica has been demonstrated before. Very recently, it was

reported that the preformed Pt nanoparticles could be

homogeneously and efficiently incorporated within the silica

channels with sonication.23 Without sonication, Pt particles

were primarily attached on the external surface of SBA-15.

Our sonication-assisted reaction process provides a facile

and simple preparation of dispersed PdO nanoparticles

inside SBA-15. 

This sonication-assisted two step procedure can be utilized

to prepare supported highly dispersed catalysts as well as

uniform unsupported nanoparticles via dissolution of silica

template, since it has been reported that the silica framework

was easily dissolved by careful addition of HF to get the

unsupported nanocrystals.11,13

The composition of the prepared nanoparticles was

analyzed by energy dispersive X-ray spectroscopy (Figure

3), and the Pd content was 2.1 weight % within the meso-

porous structure.

Figure 1. Low angle X-ray diffraction patterns of (a) as-made
SBA-15 mesoporous silica, and (b) SBA-15 after PdO loading.
Inset shows the wide angle X-ray diffraction patterns of SBA-15
after PdO loading. 

Figure 2. (a) TEM image of as-prepared SBA-15 mesoporous
silica. (b) TEM image of SBA-15 loaded with uniform and
spherical PdO nanoparticles. (c) High magnification TEM image of
PdO nanoparticles inside the SBA-15 mesoporous silica. (d) High
magnification TEM image of PdO nanoparticles inside the SBA-15
prepared without sonication.

Figure 3. Elemental analysis using energy-dispersive X-ray
spectroscopy (EDX). 
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In conclusion, using SBA-15 as a size-directing template,

highly dispersed and uniform PdO nanoparticles were

prepared via a sonication-assisted process without any

surface modification outside SBA-15. PdO nanoparticles

were generally spherical and had diameters of 5-6 nm. Most

of PdO nanoparticles were imbedded inside the pores of

SBA-15, which was confirmed by the through-focused TEM

analysis. Our ongoing project is currently directed to control

the diameter of PdO nanoparticles within the pores of SBA-

15.
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