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Abstract: In order to investigate the effects of nanosized metallic palladium loading and calcination on the characteristics

of composite silica, the silica was prepared by sol gel technique, leading to an amorphous solid with mesoporosity, and the

pore size distribution is narrow, centered at 375 nm. The composite silica was formed by impregnating palladium precur-

sor into the porous network with sequel calcination in hydrogen. The results show that the nanosized palladium as guest

phase in the composite silica is subjected to the mesoporous structure and calcination, resulting in the changes of optical ad-

sorption that red-shifted to higher wavelength with the palladium loading and the heating temperature. The tailoring of

the optical properties can be ascribed to the effect of the nanosized metal particles and interactions occurred between palla-

dium and silica.
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1 INTRODUCTION

The motivation for the research on colloidal met-
al particles stemmed from their unique electro-optical
and electrochemical properties' . During the past
few years, a flurry of activity has been directed to-
wards the preparation of nanosized metallic particles
due to large enhancement in the physical properties of
nanostructured composites compared to the bulk!“™®.
Therefore, size-dependent changes in band-gap ener
gy, excitedstate electronic behavior and optical spec
tra are generated drastically from those known for the
molecular and bulk limits, respectively. Dispersions
of nanoparticles afford accurate tuning for optical,
electrical, and magnetic properties of many types of
inorganic solids. For instance, the dispersion of
metallic particles in an insulating matrix gives rise to
materials in which the electric resistivity varies with
the metal content and a transition from the metallic to
the insulating regime is observed when a percolation

network is obtained!” ',

Traditionally, composites
have been fabricated from preformed composites in a
process that organizes them in a matrix, and with a
particular arrangement. However, the nanostructured
composites exert the nanosized dispersions in a matrix
with special structure leading to the tailored func

tionst'" . The mostly investigated composites“3_15]
were some noble metals (Au, Ag, Pt ) and transition

metal elements (Pd, Fe, Co and Ni) embedded into

the oxide matrix.

Metal particles dispersed in an inorganic oxide
can be obtained by various physical and chemical
techniques, including metal evaporation decomposi-
tion of metal compounds and photo chemical or chem-
ical reduction of metal complexes' '®. Solgel method
has been used to create composites obtained by the in-
corporation of small metal or oxide particles in non-
metallic matrices' "', so that this method makes it
possible for the introduction of various concentrations
of different components in a matrix with molecular
homogeneity, which can be vitreous or crystalline,
either porous or densified, and hence their composi-
tions are more controllable. Silica gels are usually pre-
pared from the solution containing the mixture of te-
traethosilane, ethanol and water based on the hy-
drolytic polycondensation reactions, leading to the
formation of the silica network converted from three
dimensional polymer molecules with large specific sur-
face area and narrow pore size distribution! ™. They
have many advantages that acted as a matrix for the
synthesis of nanometer dispersed phase, which offers
the possibility for new catalytic and magnetic materi-
als, exhibiting high activity and selectivity or novel
magnetic characteristic' "%,

Palladium, an active metal, with nanoscale can
be prepared by different means, leading to various ap-
(21221 For the

palladium composite, the properties to quite a lot ex-

plications from catalysis to electronics
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tent depend upon the state of palladium and the inter-
actions with the matrix. The influencing factors to
the properties of the composite can be ascribed as the
size distribution of the metallic particles and/or the
pore structural features, and the preparation and
characterization of palladium composite are critical for
a fundamental understanding and tailoring of materi
als properties of practical use. It is well known that
the introduction of the metal phase in the sol during
the gelation allows the metal to have a direct interac

2] However, in this pa

tion with the silica matrix
per, we prepare nanosized palladium/silica gel com-
posites by impregnating the palladium precursor into
porous silica previously made, and the evaluation on
the relationship between the microstructure and opti
cal property is performed. The effect of palladium
loading and calcination on the pore structural charac
resulting  silica

teristics of the composites  is

presented.
2 EXPERIMENTAL

The preparation for the nanosized palladium/ sili-
ca has been processed in following way. Reagent
grade tetraethyl silicate ( TEOS) was used as the
starting material, and the solutions were prepared in
molar ratio of TEOS: EtOH (solvent): water: catalyst
= 1: 41247 0. 02. The deionized water was added
dropwise to TEOS and EtOH and was stirred togeth-
er in room temperature. HNOj3 as catalyst was added
for hydrolysis to maintain the pH value at 1.5~ 2
during stirring. Then the sol was cast into 30 mm
glass Petri dishes after complete homogenization, and
covered with a polyethylene sheet and kept at 60 C
to gel. After gelation and drying at the same temper-
ature for two weeks, the aged bulk gels were ther
mally treated stepwise in a case electric furnace at 100
=600 Cfor 2 h. The rate of heating was sufficiently
small to keep the monolithic aspect of the gels and
avoid a temperature gradient inside a sample that can
cause heterogeneity in gel properties or the formation
of cracks in gel. The treatment was chosen as a rea
sonable compromise between the need for eliminating
the solvents and the organic molecules trapped in the
gel network, so the transparent geksilica monolith
with different structural features was obtained for the
synthesis of nanometer palladium. The bulk colorless
silica was immersed into a 100 mL solution with con-
centrated amounts of H,PdCly as palladium precursor
designated as 0. 1, 0.2 and 0.5 mol/ L, and the solu-
tion was vigorously stirred to promote the introduc
tion of palladium. The resulting silica was still trans-
parent with slight yellow color indicating that the pal-
ladium precursor was indeed assembled into the
porous media. We are interested in obtaining palladi-

um nanoparticles, the final step will be the reduction
of the metal ions which is generally carried out by
fluxing the gel with H, at 400 'C and 600 C. Also
can the same routes be performed for the nanocom-
posite coatings using the dipping technology.

BET method was used to characterize the pore
structure and the pore size distribution, as well as in-
directly to reflect the size scale of metallic palladium.
The distribution of pore size up to 20 nm diameter
was determined from N, adsorption isotherms. The
isotherms were measured with an Omnisorp-100CX
apparatus to get the surface area and the distribution
of pore size. X-ray diffraction (XRD) characterization
was performed in a MAP18AHF diffratometer (MAC
Science Co. Ltd.) using CuKq radiation and Ni filter
at a scan rate of 8(°)/min, operating at 40 kV and
100 mA. H-800 transmission electron microscope
(TEM) was used to observe the size and distribution
for the silica and the nanosized dispersion in bright-
field image. The UV-Vis spectra were recorded in a
Cary S5E UV-VisNir spectrophotometer over the
wavelength of 200~ 2 500 nm.

3 RESULTS AND DISCUSSION

3.1 Characterization of mesoporous silica gels

The X-ray diffraction patterns of the silica are
shown in Fig. 1. The diffraction at 20=22. 12° in-
tensified to the maximum with broad spreading to-
wards both sides. It is obviously characterized as a
typical amorphous structure. The patterns between
prepared state and sintered state can be compared
with nearly same features, as the sintering only gave
rise to the evaporation of the residual organics and
strengthening of the network except for the struc
ture.

The pore structure and pore size distribution of
the SiO, can be measured by the surface areas togeth-
er with porosity analysis instrument. The hysteresis
loop in the adsorptior desorption isotherm of the silica
formed with different pressures is shown in Fig. 2,
indicating that the solid characterized as porous net-
work with mesoporosity. We can infer the meso-
porous structure as IV type like an “ink-bottle” ac-
cording to the shape of the loop!**!.

According to the formula (P/Po)/[ V(1- P/
Po]= 1(VaC)+ (C= 1)(P/Po)/(Vu €)',
we analysed the mesoporous features and got the BET
linear curve plotted as 10°X/[ V(1= X)] vs X (as
sumed P/Po= X, ranged from 0. 05 to 0. 25), as
shown in Fig. 3. Using the intercept of BET plot as
0.15 x 10" and the slope 8. 98 x 10”°, the surface
areas of silica in prepared state was calculated as 476.

28 m*/ g.
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Fig. 1 XRD of silica gels in different states

700
SiO; sintered at 773 K

600
500+
400 f
300 }
200 &

100 ©

Adsorption volume/(cm3-g-1)

0 0.2 0.4 0.6 0.8 1.0
X

Fig. 2 Changes of adsorption volume
with pressure for silica gel

The adsorption volume can be used to represent the
pore volume. The distributions of the pore size are
shown in Fig. 4. The whole pore volume is 1. 019 2
mL/g with distributed pore size higher than 1 nm,
the pore diameters in the range of 6 = 8 nm are rela-
tively concentrated with 81.28%, 2~ 3 nm only 10.
77% . It can be concluded that the pore diameters
centered at 6 ~ 8 nm, indicating the pores having nar-
row size distribution.

3.2 Nanosized palladium particles in gel compos-
ites

Fig. 5 shows the adsorption and desorption
isotherms for SiO,( 1) and Pd0. 2M/SiO,( 1) com-
posite, which also have the same IV-type isotherm as
the silica with a N hysteresis loop at different opening
and closing pressures, showing the palladium composites
have the identical mesoporous structural features. As pal-
ladium precursors impregnated into SiO> matrix, they oc
cupy some sites and block the flow of nitrogen inside the
inter linked pores leading to a decrease in adsorption
volume for the resultant composite. The changes

Fig. 3 BET linear relation of porous silica
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Fig. 4 Distribution of pore size of silica gel
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Fig.5 Adsorption isotherms of silica
gel and composites

also demonstrate the existence of metallic palladium
into the porous matrix and the formation of Pd/SiO»
composite. The adsorption volume decreases further
with increasing the loading of palladium. Contempo-
rary, the nitrogen adsorption also provides informa-
tion on the surface and pore size distribution for the
mesoporous silica system.

The X-ray diffraction patterns of palladium com-
posites treated at different atmosphere are shown in
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Fig. 6. The diffraction of the composites calcined at
400 C in hydrogen becomes evident due to the for
mation and growth of nanosized palladium. However,
the pattern for the composite treated in oxygen atmo-
sphere nearly keeps the same as that of amorphous sil-
ica matrix. It can be explained that palladium oxide is
not diffracted in comparison with the metal palladium
in the silica.

Pd/Si0,, 400 C, H,

Pd/Si0,, 400 °C, Oy

L 1 1 L

10 20 30 40 50 60 70 80
20/(°)

Fig. 6 XRD of nanosized palladium composites
3. 3 Effect of nanosized palladium loading on
mesoporous structure of composites

T he pore size distribution is obtained using the e
quation from the adsorption branch of the isotherm,
as shown in Fig. 7. The silica is produced with two
kinds of pore size distribution centered at 3.5 and 4. 5
nm, respectively, labeled as SiO,( 1) and SiO,(2).
The introduction of metallic palladium gives rise to a
change in the pore size distribution for the compos-
ites, but no evidence can be found the change of the
based pore structure that the matrix existed previous-
ly, suggesting that the metallic palladium merely lo-
cated in the pores. The result is consistent with the
change of N, adsorption volume for the pure silica and
palladium composites. It can be known that the be
havior of metallic palladium is restricted to the porous
matrix.

The thermal treatment generally promotes the
conglomeration of the guest phase along the inter

26 .
[26]  However, silica can be once more

linked pores
subjected to a higher temperature, because it has been
pretreated at 600 C for removal of the residues and
rigidity of the three-dimensioned network. Accord-
ingly, the retreatment below 600 C will not affect
the structure for the pure silica and the composites. On
the contrary, relative broad distribution for Pd/ SiO; com-
posites prepared through direct mixing of precursor in sili-
ca sol was observed *”', further indicating the advantage
of impregnation method that can endure the metallic pal-
dispersed  into  the matrix,

ladium  uniformly

leading to a cage effect for the nanosized dispersed
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Fig.7 Effect of size distributions of silica matrices
on nanosized palladium composites

phase. The studied porous silica finds the surface ar-
eas ranging 500 ~ 800 m*/ g, depending on the ratio
of each component, gelation temperature and sinter-
ing process. After impregnation of metallic palladi-
um, the surface area results of the composites show
the lower values compared to the pure silica. It is
worth to mention that the surface area values of the
composites can not represent a true surface area of
metallic palladium, because they are calculated ac
cording to the pore volumes of the silica matrix that
were partly decreased due to palladium inhabited in
the pores. It is undoubtedly to know that the charac
teristics of palladium are related to the size, and the
surface area is mainly dependent of the size. Thus,
the slight decrease in surface area of the composites is
not enough considered, and the size of palladium in
the matrix is the most important and can be restricted
by the porous cage.

TEM micrographs and XRD spectra showed the
presence of very small palladium particles homoge-
neously distributed in the silica matrix. Fig. 8 shows
the micrographics for the silica and the composites. It
can be found from TEM observations in pow der sam-
ples to be 3 74 nm in size for SiO2( 1), and the most
of palladium particles are dispersed within the SiO,
matrix and that their size distribution is very narrow
about 5~ 7 nm (Pd0. 2M/SiO»(1)).
size of palladium particles calculated from measure-
ments on the TEM micrograph is distributed about 5~
10 nm according to the histogram. It is almost identical
with the BET results. With increase in the loading of pal-
ladium, the obvious change in size was not observed. The

The average

tendency of aggregation for palladium particles in the
composite is confirmed after heat treatment at 600 C,
shown as Fig. 8 (C). As a result, the conr
posite results in a broader size distribution that

can not be identified definitely from the BET result
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Fig. 8 TEM micrographics of the porous SiOs(a), and the nanosized Pd-0. SM/ SiO»( 1)

composites in prepared state( b), heated at 600 C in hydrogen( c)
(bright field image), and(d) diffraction pattern

above, but the electron diffraction (Fig. 8( D)) still
show the amorphous feature indicating the palladium
particles are quite small. X-ray diffraction patterns
show a halo pattern for all composites, characterized
as amorphous silica, because the palladium loading is
much less compared to the silica matrix. The exten-
sion of the method to larger pore size produces bigger
metal particles and an increasing spreading of size,
that is, the increase of the metal content produces a
more significant growth of particle dimensions and a
broadening of particle size distribution.

3. 4 Effects of nanosized palladium loading and
heat treatment on optical properties of conr
posites

The UV-Vis spectroscopy was recorded in order
to get more information about the effect of palladium
in the matrix. The UV-visible and near IR adsorp-
tion spectra of the resulting nanosized composites de-
pending on the loading of palladium and heated tem-
perature are shown in Fig. 9. It can be found that,
the nanosized composites give rise to the band at low en-
ergy that has dramatically changed position and adsorption
profile in comparison with the pure silica. The adsorption
spectra of the composites reveal a redshifted band to
longer wavelength range with the increase of the loading

of palladium . From the value of the pure silica

Absorbance/%

i n F E— —
500 600 700 800

O L 1 1
200 300 400
Wavelength/nm

Fig. 9 UV-VIS spectra of porous silica and
nanosized composites with(a) SiO2(2),
(b) Pd0. 1M/SiO2(2), (c¢) Pd0.2M/Si02(2),
(d) Pd0.5M/SiO(2) in prepared state,
(e) Pd0.5M/SiOy(2) heated at 400 C and
(f) Pd0.5M/8SiO2(2) , 600 Cin H,

SiO2(2), the adsorption edges for P&0. 1M, Pd
0.2M and Pd-0. 5SM in SiO,(2) are located at 287,
364 and 590 nm, respectively. This suggests the
presence of the palladium and interaction between the
matrix and introduced phase. With decreasing palla-
dium content, the adsorption threshold shifts tow ards
to a lower wavelength region because of size quantiza-
tion effect and surface effect of small particle!* . The
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size of palladium nanoparticles in the composites is
shown above and increases with the loading of the
precursor because the opportunity of the small particle
growth is increased in the limited range of the pores.
Evidently, a characteristic blue shift occurs with de
creasing size of palladium particles. The Pd/SiO;
composites change from colorless to brown-yellow and
gradually become deep with palladium loading.

When the nanosized composite Pd0. SM/SiO,
(2) is subjected to the heat treatment, the color tends
to be grey-brown which is attributed to the growth
and change of surface state of the small particles. The
heatings at 400 and 600 C result in changes in the
U V-Vis spectra, exhibiting that the adsorption band
of the composite is further red-shifted to higher wave-
length with temperature. The increase of spectral ab-
sorbance during heat treatment corresponds to the
known spectral behavior of nanostructured compos-
ites. Such small metallic particles expose a high opti-
cal absorbance due to the existence of discrete energy
levels of electron and particularly of specific surface
states.

These observations suggest that the thermal for-
mation of the high spectral absorbance were not
caused by the matrix, but by the behavior of the met-
al particles. When the metal loading and heating tem-
perature increase, the nanostructured composites lead
to the interface interactions between the particles or
the matrix and metallic phase, which become evident
with the size of the particles. We assume that the
particle size increases with high loading and high
heating temperature. Further theoretical study is re-
quired in order to quantitatively understand the
change of the adsorption spectrum that depends sig-
nificantly on the metal loading and heat treatment.

4 SUMMARY

The porous silica can be prepared using solgel
technique leading to different structures that are con-
trolled by some components and operating parame-
ters. The assembled nanosized palladium into the
porous network could not result in the changes in the
matrix structure but some other features such as pore
size and distribution as well as surface areas. The
loading of palladium found to be 5~ 10 nm in size de-
pending upon the porous structure and calcination,
gives rise to the optical absorption red-shifted to high-
er wavelength that enhanced further with heating
temperature.
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