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Pd/SiO, aerogel catalysts have been synthesized by cogela-
tion of tetraethoxysilane with complex Pd?*[NH,~CH,—CH,—NH-
(CH3)3—Si(OCHj3)3]2 containing a hydrolysable silyl group. Pd cata-
lysts have also been prepared by impregnation of silica aerogels and
xerogels with solutions of this complex or Pd?>"(NHs), followed by
drying under hypercritical conditions or under vacuum. It appears
that, in cogelled samples, the Pd?* complex acts as a nucleation
agent in the formation of silica particles. The resulting catalysts are
then composed of completely accessible palladium crystallites with
a diameter of about 2.3 nm located inside silica particles with a
monodisperse microporous distribution centered on a hydraulic ra-
dius of 0.43 nm. The continuous meso- and macropore distribution
is located in voids between particles and between aggregates consti-
tuted of those particles. In impregnated samples, it appears that Pd
particles are located outside SiO, particles. The relation between
the texture of cogelled and impregnated catalysts and their behav-
ior toward sintering has been studied in detail. In cogelled samples,
it has been shown that Pd crystallites cannot migrate because they
are trapped in the pores of SiO; particles. These catalysts are sin-
terproof during hypercritical drying. When Pd crystallites are not
trapped inside SiO; particles, hypercritical drying leads to an exten-
sive sintering of metal particles. During calcination of impregnated
catalysts dried under vacuum, sintering occurs to a various extent
depending on the support texture. The Pd crystallites size decreases
when the pore size distribution is shifted toward the small sizes.
(© 1997 Academic Press

INTRODUCTION

The synthesis of metallic supported catalysts by the sol-
gel route has been examined by numerous authors who
showed the ability of this method to highly disperse catalytic
metals on gels whose texture is finely controlled. Most of the
time, the metal of interestis introduced in the initial solution
(whose main components are for example tetraethoxysi-
lane (TEOS) or aluminium tri-sec-butoxide (ATB) and
water—with possibly an acid or a base as the gelation
catalyst—in alcohol) in the form of a salt (e.g., PdCl,,
Pd(CH3CO,),, HoPtClg, RuCls, etc.) (1-4). In order to ho-

1 E-mail: bheinric@vml.ulg.ac.be.

mogeneously disperse nanometer-sized metal particlesin a
silica matrix, Breitscheidel et al. (5) prepared modified xe-
rogels by using organically substituted alkoxides of the type
RSi(OR’); where R contains a ligand able to form a chelate
with a metal ion such as Pd?*, Pt**, or Ni?*. This ligand is
linked to the hydrolysable silyl group —Si(OR")3; by an inert
spacer such as —(CHy)s—. In this study, RSi(OR")3;=3-(2-
aminoethyl)aminopropyl-trimethoxysilane, SiO3CgN2;H>»,
and the metal is palladium (in the form of palladium acety-
lacetonate PA[CH3COCH=C(O-)CHpgs], = Pd(acac),). The
introduction of the metal in the silica matrix occurs as shown
in Fig. 1. This picture points out the risk of confining the pal-
ladium inside the silica matrix and making it inaccessible or
difficult to reach for a fluid phase. In impregnated samples,
on the contrary, the catalytic metal is spread over the carrier
surface only and is completely and easily accessible. If the
above complex is used for impregnation, the anchoring of
Pd to the silica matrix occurs as shown in Fig. 2. Note that
a silica support prepared by the sol-gel process is highly
hydroxylated even after thermal treatment (6).

In order to obtain a high porosity (and then perhaps a
good accessibility to the active sites), we synthesized gels
by the method described in Fig. 1 and dried them under hy-
percritical conditions to produce aerogel catalysts (7). The
main purpose of this study is to examine the dispersion, lo-
calization, and accessibility of palladium in cogelled aero-
gels, the relation between their thermal stability and their
texture and the comparison with various catalysts prepared
from silica aerogels or xerogels impregnated with solutions
containing Pd?*(SiO3CgN2H2,), or Pd?+(NH3)a.

EXPERIMENTAL

Preparation and Treatment of Samples

Cogelled catalysts. The general method used in this
study to produce Pd/SiO, cogelled aerogel catalysts has
been previously described (5, 8): palladium acetylacetonate
powder (Pd(acac);) and 3-(2-aminoethyl)aminopropyl-
trimethoxysilane (SiO3CgNoH,;) are mixed together in
ethanol. The slurry is stirred at room temperature until a
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FIG.1. Introduction of Pd2+(si03CgN2H22)2 in a silica matrix.

clear yellow solution (the color of which is characteristic of
palladium complex) is obtained (about half an hour). After
addition of tetraethoxysilane (TEQOS), a solution of aque-
ous0.2N NHjsinethanol isadded to the mixture under vigor-
ous stirring. The vessel is then closed and heated to 70°C for
3 days (gelling and aging (9)). As shown in Table 1, a num-
ber of samples with various amounts of reactants have been
prepared. In this study, all the cogelled samples were dried
in an autoclave under hypercritical conditions for the inter-
stitial liquid in order to avoid interfacial strains which lead
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FIG. 2. Impregnation of silica with Pd”(SiOgCgNszz)z.

to the collapse of the porous texture. In this way, aerogel
catalysts with a large pore structure were obtained. Because
the interstitial liquid is mainly composed of ethanol, the
critical temperature and pressure of the latter (T, =243°C;
P.=6.39 MPa) have been taken as references. Neverthe-
less, in order to be sure to exceed the critical point of the
interstitial liquid, which can be calculated by a linear com-
bination of the critical parameters of each component (10),
we chose a temperature of 327°C and a pressure of 12 MPa.

Impregnated catalysts. Preliminary attempts to synthe-
size pure silica gels (without Pd(acac); and SiO3CgN2H>2)
by the same method as the cogelled samples failed: so-
lutions containing TEOS, H,O, and NHj in ethanol in

TABLE 1
Synthesis Conditions of Cogelled Samples (Aerogels)

Pd(aCﬁC)z SiO3C3N2H22 TEOS H,O NHs C,HsOH Pd Gel time
Catalyst (mol/l) (mol/m) (mol/) (moll) (mol/l) (mol/l) (wt%) R (h)
C1 0.000041 0.0005 0.642 3.20 0.012 13.7 0.01 21 —
c2 0.000044 0.1042 0.538 3.20 0.012 13.7 0.01 21 6.5
C3 0.000036 0.6449 0 3.22 0.012 13.8 0.01 21 —
C4 0.000015 0.0174 0.245 131 0.005 15.7 0.01 60 7.0
C5 0.000182 0.0004 0.642 3.20 0.012 13.7 0.05 21 —
C6 0.000175 0.1042 0.538 3.20 0.012 13.7 0.05 21 6.5
Cc7 0.000181 0.6449 0 3.22 0.012 13.8 0.05 21 —
C8 0.000074 0.0174 0.245 131 0.005 15.7 0.05 60 7.0
Cc9 0.000505 0.0010 0.874 4.36 0.016 12.4 0.10 14 10.0
C10 0.000420 0.0008 0.640 3.20 0.012 13.7 0.10 21 48
C11 0.000152 0.0174 0.245 131 0.005 15.7 0.10 60 6.0
C12 0.000172 0.0003 0.246 1.23 0.004 15.8 0.10 64 —
C13 0.002490 0.0050 0.873 4.36 0.016 12.4 0.50 14 35
Cl4 0.000758 0.0174 0.245 131 0.005 15.7 0.50 60 6.0
C15 0.002131 0.0040 0.640 3.20 0.012 13.7 0.60 21 8.0
C16 0.000807 0.0015 0.246 1.23 0.004 15.8 0.60 64 170
C17 0.003770 0.0074 0.641 3.19 0.011 13.7 1.00 21 8.5
C18 0.007374 0.0147 0.640 3.18 0.011 13.7 2.00 21 20
C19 0.008301 0.0153 0.246 1.23 0.004 15.8 5.30 60 2.0

Note. R denotes the dilution parameter C,H;OH/(TEOS + SiO3CgN,H>;), — denotes no gelation after 4 months.
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concentrations similar to cogelled samples never gelled. For
this reason, pure silica was synthesized by the usual acid-
base method (11). The wetssilica gel used as the precursor of
the support is the same for all impregnated catalysts and is
prepared as follows (for 7.5 g of SiO,): a solution of aqueous
0.1N HCI (7.2 ml) in ethanol (40 ml) is added under stirring
to a mixture containing TEOS (28 ml) in ethanol (80 ml).
The stirring is then stopped and the vessel is closed and
maintained at ambient temperature. After 24 h, a solution
of aqueous 0.1N NH3 (15.2 ml) in ethanol (40 ml) is added
under vigorous stirring. The vessel is then closed and heated
to 70°C for 72 h. Wet silica gels have been dried by two dif-
ferent methods: hypercritical drying (as described above
for cogelled catalysts) and drying under vacuum at 150°C
which leads to xerogels. After drying, all the silica supports
were calcined in aflow of dry air at 400°C with an analysis by
chromatography of the CO; produced to determine the end
of calcination. Impregnation solutions are composed of pal-
ladium acetylacetonate in ethanol and a ligand which allows
the solubilization of palladium. The volume of these solu-
tions corresponds to that of the support. The ligand used
is either 3-(2-aminoethyl)aminopropyl-trimethoxysilane or
ammonia. Impregnated silica aerogels or xerogels which all
contain 2 wt% palladium are dried once again either under
hypercritical conditions or under vacuum, after which they
are calcined in a flow of dry air at 300°C with an analysis
of the CO;, produced. Synthesis parameters of impregnated
samples are shown in Table 2.

Characterization Techniques

Palladium dispersion. Catalysts were examined using a
Siemens Elmiskop 102 transmission electron microscope.
Suitable transmission samples were prepared by means of
an impregnation of gels with an epoxy resin (eurepox 710)
to which an amine is added as hardener. Hardening goes on
for 48 h after which a 60-nm slice is cut up with a Reichert
Supernova ultramicrotome. When the contrast (that is, the
gap between gray levels) between palladium particles and
silica support was sufficient, photos were examined with
image analysis techniques which allow us to obtain a par-
ticle size distribution. Palladium dispersion was also deter-

mined by carbon monoxide chemisorption. Two methods
which differ in the way that they correct for CO physisorp-
tion have been applied in two different laboratories. In the
first, the calcined sample is reduced at 120°C in hydrogen
for 1 h and outgassed at the same temperature for the same
length of time. A double CO adsorption is performed at
30°C and ata constant CO pressure of about 57 kPa: the first
adsorption includes both physisorption and chemisorption
while the second, performed following outgassing, includes
physisorption only. The difference between the first and
second adsorptions gives the amount of CO chemisorbed
(12). In the second, the calcined sample is reduced in flow-
ing hydrogen at 120°C for 1.5 h and at 110°C for 16 h, and
a CO adsorption isotherm is measured at 30°C on a Fisons
Sorptomatic 1990 device. The amount of CO chemisorbed
is obtained by extrapolating the isotherm to zero pressure
to correct for physisorption (13-15).

Catalysttextures. Nitrogenadsorptionisothermsat77 K
were obtained using a Carlo Erba Sorptomatic 1990 (af-
ter outgassing at 100°C for 4 h). Specific surface areas and
pore size distributions were then calculated following
the methodology proposed by Lecloux (16). Mercury
porosimetry was performed with a Carlo Erba Porosimeter
2000 on samples outgassed at ambient temperature for 4 h
to determine their porous volumes.

RESULTS

Synthesis

Synthesis parameters of cogelled samples (denoted by
the letter C) are shown in Table 1. Gel time is the time
elapsed between the introduction of the liquid solution in
the oven at 70°C and gel formation, determined at the time
when the liquid does not flow when tilted. Hydrolysis mo-
lar ratio h = H,O/(TEOS + 2Si03CgNzH5,) (the factor 2 is
due to the fact that SiO3CgN2H2, contains only three hy-
drolysable groups in relation to TEOS which contains four
hydrolysable groups) is kept constant at a value of 5 for
all cogelled catalysts. The comparison between samples C1
and C2; C5 and C6; C12 and C11; and C16 and C14 which
are characterized, in each pair, approximately by the same

TABLE 2

Synthesis Conditions of Impregnated Samples

Ligand
Pd(acac)z H,O C,Hs0H Pd
Catalyst Support (mol/l) Nature (mol/l) (molll) (mol/l) (wt%o) Drying
11 Aerogel 0.0072 SiO3CgN2H 2 0.014 0 17.1 2 Hypercritical
12 Aerogel 0.0065 SiO3CgNyH»; 0.013 0 17.1 2 Vacuum
13 Aerogel 0.0059 NH; 0.047 14 16.7 2 Vacuum
14 Xerogel 0.0741 SiO3CgNyH»; 0.148 0 16.6 2 Vacuum
15 Xerogel 0.0726 NH; 0.582 17.8 11.0 2 Vacuum
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TABLE 3

Pd Average Particle Size and Dispersion

TEM CO chemisorption

Metal loading d o d D
Catalyst (Wt%) (nm) (nm) (nm) (%)
C10 0.1 2.42 0.4 — —
C13 05 2.32 0.4 — —
C18 2 2.0° 0.3 2.4 47°
2.2 51¢

C19 5.3 80.9° 24.0 — —
11 2 24.6° 15 16.8 7
12 2 7.5° 15 — —
13 2 7.3° 1.9 — —
14 2 4.4° 1.2 — —
15 2 5.0° 1.9 — —

Note. d denotes the mean diameter of Pd particles measured by TEM
or chemisorption; o the standard deviation; D, the metal dispersion mea-
sured by chemisorption; —, not measured.

2 Visual evaluation was used.

b Image analysis was used.

¢ Double adsorption.

4 Adsorption isotherm.

parameters, except the concentration of SiO3CgNyH»; in-
dicates that an increase in the ligand concentration makes
gelation possible (three first pairs) or decreases the gelling
time (fourth pair). Concerning the influence of the di-
lution parameter R which is defined as the molar ratio
C,HsOH/(TEOS + SiO3CgN,H,y), the gel time increases
with R (comparison between samples C9, C10, and C12;
C13, C15, and C16).

The synthesis conditions of the impregnated samples (de-
noted with the letter 1) are shown in Table 2. In catalysts
11, 12, and 14, the molar ratio SiO3CgN,H,/Pd(acac); is 2
(this corresponds to the palladium coordination number
which is 4), whereas in samples 13 and 15, the molar ratio
NHs/Pd(acac), is 8. The two ligands have been used so as
to check the interest of anchoring groups in SiO3CgN2H>;
for palladium dispersion in impregnated catalysts. Drying
of impregnated gels has been performed either by hyper-
critical extraction or under vacuum in order to study the
influence of drying conditions on final support texture and
palladium particle-size distribution.

Dispersion and Localization of Palladium

Table 3 shows the palladium particle size as measured
by TEM and CO chemisorption. Because of a weak con-
trast in the TEM pictures between Pd particles and the
SiO; support in samples C10, C13, and C18, binarization
of photos was impossible and sizes have been evaluated by
a visual appreciation on 50 particles. The sizes obtained for
samples C19 and I1 are mean values (obtained by image
analysis) on only 13 and 6 particles respectively because of
their large sizes and consequently their small number. For
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samples 12 to 15, mean values are obtained from distribu-
tions on 70 to 200 particles determined with image analysis
techniques on TEM pictures. In order to calculate the dis-
persion D (that is, the atomic ratio between the number of
surface Pd atoms (Pds) and the number of total Pd atoms)
from CO chemisorption measurements, the stoichiometric
ratio CO/Pd; has to be known. It has been shown that CO
chemisorption on Pd can occur in two ways (17, 18): a car-
bon monoxide molecule can be bonded through the carbon
to one Pd atom (linear CO) or to two Pd atoms (bridged
CO). The ratio of linearly held CO to bridged-bonded CO
decreases as the dispersion decreases (19, 20) and the result
of this is an increase in the global ratio CO/Pd; with disper-
sion. Joyal and Butt (21) have determined CO/Pds ratios
as a function of dispersion on Pd/SiO, catalysts. Assuming
Pd particles to be roughly spherical in shape, metal disper-
sion was calculated from TEM measurements for samples
subjected to chemisorption. Those values have then been
used to choose the right CO/Pds ratios determined by Joyal
and Butt. The following ratios were selected: sample C18,
CO/Pds=0.74; sample 11, CO/Pds = 0.5. These values were
used to estimate dispersion and particle diameters from the
CO chemisorption measurements given in Table 3.

The results clearly show that the smallest Pd particles are
obtained for cogelled catalysts (around 2.2 nm in samples
C10, C13, and C18). Nevertheless, under some conditions,
very low dispersions are obtained (80.9 nm in sample C19).
Impregnated catalysts exhibit Pd particles at least twice the
size of the cogelled catalysts. Hypercritical drying following
impregnation leads to a low dispersion as shown in sample
I11. A comparison between samples 12, 13 (aerogel support)
and 14, 15 (xerogel support) shows a higher dispersion for
catalysts prepared from xerogels. The nature of the ligand
(which changes from 12 to 13 and from 14 to 15) does not
strongly influence the mean Pd particle size but influences
the broadening of the size distribution (quantified by stan-
dard deviation o in Table 3) as shown in Fig. 3 (which show
distributions for samples 14 and 15; note that similar effects
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FIG. 3. Paladium particle size distribution in samples 14 and 15 deter-

mined by TEM and image analysis ( , 14; , 15).
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&

FIG. 4. TEM micrograph of sample C18 (200,000x).

are observed for samples 12 and 13): the use of SiO3CgN,H>;
instead of NH3 leads to a higher monodispersity of the Pd
particle size distribution. One has to note the good agree-
ment between TEM and chemisorption for samples C18
and 11 knowing that, in the latter, the mean diameter ob-
tained by TEM is not precise because of the crystallites’
small number. It should also be noted that the double ad-
sorption technigue gives nearly the same results for sample
C18 as the extrapolation to zero pressure method.

Although TEM gives only a 2D view, a careful exam-
ination of cogelled-catalyst TEM pictures, an example of
which is given in Fig. 4 with catalyst C18, shows that, except
for sample C19 which is characterized by the greatest metal
loading, Pd particles appear to be located inside the sil-
ica particles. In contrast, in C19 and impregnated samples,
an example of which is given in Fig. 5 with catalyst 11, Pd
is located on the surface of silica network. This palladium
localization is of importance to the behavior of samples ex-
amined here in relation to sintering and will be discussed
in detail below.

1 100 nm

FIG.5. TEM micrograph of sample 11 (100,000x).
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TABLE 4
Texture of Cogelled Catalysts (Not Calcined)

SeET St I'h micro Vo Vhy
Catalyst (m?/g) (m?/g) (nm) (cm®lg) (cm®/g)
C10 297 301 0.44 0.13 9.5
C13 196 196 0.42 0.09 —
C18 255 256 0.44 0.12 25.0
C19 431 432 0.45 0.19 20.2

Note. Sget denotes the specific surface area obtained by N, adsorption
and BET method; S; the specific surface area obtained by N, adsorption
and t-plot method; ri micro the micropore hydraulic radius; V, the specific
micropore volume calculated by the Dubinin-Raduskevitch method; Vg
the specific pore volume measured by Hg porosimetry. — denotes no
measure.

Texture of Catalysts

Cogelled catalysts. The texture of samples C10, C13,
C18, and C19 has been examined in detail and the results
are shown in Table 4 and Figs. 6-7. The nitrogen adsorp-
tion isotherms of the cogelled catalysts belong to type 11
in the classification proposed by Brunauer et al. (22) which
is observed for adsorbents containing macropores (width
>50 nm (23)) (Fig. 6). The t-plots (24, 25) are also similar
for all cogelled samples. They always show a downward de-
viation which is characteristic of micropores (width <2 nm
(23)) followed by an upward deviation which is characteris-
tic of mesopores (2 nm < width <50 nm (23)) (Fig. 7). The
presence of mesopores is evidenced by the calculation of
the pore size distributions in the mesopore range by the
Broekhoff-de Boer method (26-28) which shows a contin-
uous distribution for diameters between 2 and 50 nm. The
cogelled samples then contain micro-, meso-, and macrop-
ores, which is a characteristic of aerogels (29). The domain
in the t-plots before the upward deviation deserves care-
ful examination. It appears indeed that this part of the plot
can be represented by two straight lines whose intersec-
tion corresponds, for the four samples examined, to almost
the same value of the thickness t of the adsorbed nitrogen

Adsorbed volume (cm’/g)

0 01 02 03 04 05 06 07 08 09 I

Relative pressure p/py

FIG. 6. N;adsorption isotherm on sample C19.
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layer, whichisabout 0.43 nm. The use of Brunauer’s method
to calculate the micropore size distribution (30, 31) by the
downward deviation in the t-plot leads then to a monodis-
perse distribution. The hydraulic radius of the micropores
(that is, the ratio between the pore volume and its surface),
I'h micro, IS @bout 0.43 nm.

Mercury porosimetry applied to cogelled samples (32—
34) shows a continuous pore size distribution between the
largest macropores and the mesopores with a diameter
greater than about 7.5 nm, which is the lower limit of the
method.

As previously observed (5), a comparison between Sget
before and after calcination of the cogelled sample C18
indicates that burning of the organic residues frees the pores
and leads to asignificant increase of the specific surface area
from 255 to 392 m?/g.

Impregnated catalysts. Textural properties of impreg-
nated samples are shown in Table 5 and Figs. 8 and 9. Cata-
lyst 11 exhibits a type-11 isotherm observed for adsorbents
containing macropores whereas catalysts 12 to 15 exhibit
type-1V isotherms characteristic of adsorbents which con-
tain mesopores (Fig. 8). The t-plots always present an up-
ward deviation showing the presence of mesopores. This
mesoporosity also appears in pore size distributions calcu-

TABLE 5
Texture of Impregnated Catalysts (Calcined)

SeeET St Vo Vhg
Catalyst (m?g) (m?/g) (cm®qg) (cm®/g)
11 763 789 0.28 17.6
12 750 767 0.31 4.1
13 703 712 0.29 —
14 909 927 0.39 0.7
15 879 893 0.32 —

Note. Sget denotes the specific surface area obtained by N, adsorption
and BET method; S; the specific surface area obtained by N, adsorption
and t-plot method; V, the specific micropore volume calculated by the
Dubinin-Raduskevitch method; Vg4 the specific pore volume measured
by Hg porosimetry. — denotes no measure.
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FIG.8. N adsorption isotherm on sample I3.

lated by means of the Broekhoff-de Boer method which
shows an important difference between samples 11, 12, and
13 on the one hand and samples 14 and 15 on the other.
While the former exhibit a continuous distribution in the
mesoporous range, the latter do not have any mesopores
with diameter larger than approximately 15 nm (Fig. 9).

The porous volumes Vg (Table 5) determined by mer-
cury porosimetry confirm the results obtained by nitrogen
adsorption. A comparison of the porous volumes of cata-
lysts 11, 12, and 14 clearly shows that hypercritical drying is
a way to retain high porosity even in sample 12 dried un-
der vacuum after impregnation of the aerogel support and
which has a porous volume six times greater than that of 14
dried twice under vacuum.

A comparison between cogelled and impregnated cata-
lysts and between impregnated catalysts dried twice under
hypercritical conditions (11), once under hypercritical con-
ditions and once under vacuum (12 and 13), or twice un-
der vacuum (14 and I5) indicates that drying under vacuum
leads to samples characterized by higher micropore vol-
umes Vy calculated by the Dubinin—-Raduskevitch method
(16) and then by higher specific surface areas Sger.

To summarize, drying under vacuum, in relation to hy-
percritical drying, leads to the decrease or the disappear-
ance of macropores and large mesopores and favors the

100 —
90 +
80 +
0T 13
60
50 1 14
40 +
30 +
20
10 +

] } f } } |
0 10 20 30 40 50
Pore diameter (nm)

Cumulated surface (%)

FIG.9. Mesopore size distribution in samples 13 and 14.
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micropores’ appearance. These observations are in agree-
ment with the conclusions of Brinker and Scherer (9) who
noted that the large scale structure of gels is weak and eas-
ily collapses by capillary pressure during drying under vac-
uum, whereas the micropores and mesopores that produce
the high surface area are present in a more rigid network.

As for cogelled catalysts, it has been shown in the case of
sample 11 that calcination leads to an increase of Sget from
656 to 763 m?/g.

DISCUSSION

In cogelled samples, 3-(2-aminoethyl)aminopropyl-tri-
methoxysilane (SiO3;CgN;H2,) appears not only as a ligand
for palladium but also as a catalyst which has a marked influ-
ence on the kinetics of sol—-gel reactions. Results in Table 1
show that SiO3CgNyH,; increases the reaction rates. Con-
taining two amines, this compound can be assumed to act
as a base catalyst like NH3 and thus increases the hydroly-
sis and condensation rates (35). An attempt to synthesize a
catalyst by replacing all TEOS with SiO3CgN,H2, has been
performed. While a heat emission indicating that hydroly-
sis of SiO3CgNyH>;, occurs is clearly observed, no gelation
was observed after 4 months. This result shows that there is
probably an optimal concentration of SiO3;CgN,H2,; where
gelation is the fastest. One can explain this optimum by as-
suming the existence of two antagonistic effects: on the one
hand, the ligand increases the reaction rates thanks to its
catalytic power; and on the other hand, because of its steric
cluttering, it slows down the condensation reaction.

After drying, sol-gel catalysts still contain many organic
compounds which can be burned by oxidation at high tem-
perature. It is interesting to point out that an analysis of
carbon dioxide produced during calcination indicates that
the emission of CO; starts at about 200°C for Pd catalysts,
whereas it usually starts at about 300°C for similar sam-
ples without Pd. This gap can be explained by the oxidation
power of Pd which activates calcination. In the case of the
cogelled sample C18 (which is the only cogelled catalyst a
fraction of which has been calcined for CO chemisorption),
this effect is a first indication of the accessibility, or at least
partial accessibility, of the active centers.

An important advantage of the cogelation method is
the possibility of homogeneously distributing the catalytic
metal through the whole material, that is, inside the silica
particles, contrary to the impregnation method which leads
to a metal distribution on the particle surface only (36).
This is evidenced by TEM micrographs. Cogelled samples
(except C19) seem indeed to exhibit palladium particles lo-
cated inside the silica matrix, whereas impregnated samples
show metal particles located outside the silica matrix (Figs. 4
and 5). The palladium localization inside silica particles in
cogelled samples is probably a consequence of the ligand
used: the hydrolyzable functions in SiO3CgN2H,, allow the
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formation of Si—-O-Si bonds all around the complex (Fig. 1)
and the observation of Fig. 4 suggests that this complex or a
group of such molecules can act as a nucleation agent which
leads after all to silica particles with a palladium heart. In
order to assess the validity of this nucleation by palladium
complex hypothesis, the relation between SiO, particle vol-
ume and TEOS and SiO3CgN,H», and Pd concentrations
has been examined. Expressing that the volume occupied
by the silica skeleton is proportional to the sum of TEOS
and SiO3;CgN,H>; concentrations, one obtains:

NpVp(1 — &) = C1([TEOS] + [SiO3CsNoH])  [1]

where Np is the number of SiO; particles in the gel, Vp is
the volume of one SiO, particle (nm®), and ¢ is its void
fraction. C; is a constant. [TEOS] and [SiO3CgNzH>;] are
the concentrations of TEOS and SiO3CgN,Hy; (mol/l). The
nucleation by palladium complex hypothesis leads to:

Np = Co[Pd?'], [2]

where C;isaconstant (1/C, is proportional to the Pd atomic
number in one nucleus). [Pd?*] is the concentration of the
Pd complex (mol/l). Combining [1] and [2] and assuming
that ¢ has the same value in all SiO; particles, one obtains:

Vo = C3([TEOS] + [SiO3CsN2H2.]) /[Pd**]  [3]
where C3=C;/(C2(1 — ¢)). Finally,
d? = C4([TEOS] + [SiO3CsNoHz1) /[PAT],  [4]

where d;, is the diameter of SiO, particles (nm) and C,=
6C1/(7Co(1 — ¢)).

dp has been measured by TEM for samples C10, C13, C18,
and C19 and the ratio ([TEOS] + [SiO3CgN,H2.])/[Pd?*]
has been calculated with values given in Table 1. Results
are shown in Table 6 and Fig. 10. One observes that relation
(4) adequately represents experimental data with C, =7.2.
That result combined with TEM observations reinforces
the nucleation by Pd?* hypothesis.

It can then be reasonably assumed that gel formation oc-
curs via SiO, particle nucleation by a set of Pd?* complexes,

TABLE 6

SiO; Particle Volume versus ([TEOS] + [SiO3CgN2H22])/
[Pd?*] Ratio

([TEOS] + [SiO3CsN2H2,])

dp d3
Catalyst [Pd?] (nm) (nm?®)
C10 1526 22.2 10941
C13 353 14 2744
C18 89 9.7 913
C19 31 7 343

Note. d, denotes the SiO; particle diameter measured by TEM.



Pd/SiO,-COGELLED AND IMPREGNATED AERO- AND XEROGELS

12000 -

10000 +

8000 +

6000 +

dp3 (“ms)

4000 +

2000 +

0 } | ! ! ! ! } |
0 200 400 600 800 1000 1200 1400 1600
(ITEOS]+[SiO3CsN,Hys]) / [Pd*] (mol/mol)

FIG. 10. Silica particle nucleation by Pd** complex.

particles growing thanks to hydrolysis and condensation
of methoxy groups of SiO3CgN,H2; and TEOS, and finally
particle aggregation.

A very important concern about cogelled catalysts is the
accessibility of the active centers. Because palladium is lo-
cated inside silica particles, there is a risk that it may not be
accessible. By performing drying under hypercritical condi-
tions, the goal is to maintain the macro- and mesoporosity,
and thus the accessibility, as high as possible. The values of
VHg in Table 4 show that the ability of this drying to retain
porosity is high, but do not prove the accessibility of palla-
dium. The activity of the cogelled catalyst C10 for hydrogen
combustion has been measured at 20°C and 1 atm with a
mixture containing 3% hydrogen in air. The turnover fre-
quency of 102 s~* obtained (number of molecules of water
produced per surface Pd atom per second) indicates that
small molecules such as H, and O, can reach the metal.
Provided that the ratio CO/Pds=0.74 chosen for catalyst
C18is sufficiently close to the real mean stoichiometry and
Pd particles are more or less spherical, the agreement be-
tween TEM and chemisorption results in Table 3 is, for this
cogelled sample, the proof that all Pd particles are acces-
sible for CO and then for any reactants (provided that the
molecules are not too large) in a catalytic system.

The fact that, in catalysts C10, C13, and C18, palladium
is accessible and located inside silica particles leads to the
obvious conclusion that these particles are porous. Know-
ing, moreover, asdemonstrated by the textural analysis, that
those samples exhibit a monodisperse pore size distribution
in the microporous domain and a continuous distribution
in the mesoporous and macroporous domains, it is reason-
able to assume the following structure for cogelled catalysts:
palladium particles with a diameter of about 2.2 nm would
be located inside quasi-monodisperse porous silica parti-
cles whose diameter is between 9.7 and 22.2 nm, depending
on the sample. Those SiO; particles show a monodisperse
microporous distribution centered on a hydraulic radius
I'h micro €qual to 0.43 nm. The continuous meso- and macrop-
orous distribution would be located in voids between these
particles and between aggregates constituted of these par-
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ticles. Due to their huge size (~80 nm), palladium particles
in sample C19 are of course located outside silica particles
the size of which is 7 nm.

The difference between Pd particle sizes in catalysts 11,
and 12, which are impregnated aerogels dried under hyper-
critical conditions and under vacuum, respectively, suggests
that hypercritical drying can lead to an important sintering
of palladium. This phenomenon seems not to occur (except
in sample C19) in cogelled catalysts.

Sintering of supported metal catalysts has been studied in
detail by Ruckenstein and co-workers (37). These authors
suggested three mechanisms for sintering: (a) migration of
crystallites on the support and their coalescence (38-40;
(b) Ostwald ripening that is the emission of single metal
atoms and multiatom particles from larger particles, their
diffusion along the substrate, and the coalescence of par-
ticles (or of a particle and an atom) that collide (41); (c)
direct ripening where single atoms are transferred directly
from a smaller to a larger particle if they are sufficiently
near to each other (42). Experimental studies showed that
migration and coalescence and ripening mechanisms can
occur and that one of them can be dominant depending on
the conditions (43, 44). Migration and coalescence is more
likely to occur in metal catalysts on an oxide support since,
in this case, the bonding energies of metal atoms to metal
crystallites are much larger than the bonding energies of
metal atoms to the support which makes the dissociation
between metal atoms and metal crystallites unlikely (38).
On the contrary, Ostwald ripening is more likely to occur
in metal oxide catalysts on an oxide support due to the
greater emission capability of the oxides in relation to the
metals on oxide substrates (37). In conclusion, a reducing
atmosphere favors migration and coalescence whereas an
oxidizing atmosphere favors Ostwald ripening.

When the sintering of supported metal catalysts is caused
by migration and coalescence, the crystallite diffusion on
the surface of the substrate can be impeded by the porous
texture if the crystallites sizes are of the order of magni-
tude of the pore diameters (45). Zou and Gonzalez have
recently examined the thermal stability of Pd/SiO; sol-gel
catalysts (46). One of their observations is the following:
when the average particle size coincides with the average
pore diameter, the Pd particles are found to be stable at
temperatures of up to 650°C for 22 h in an oxygen atmo-
sphere. According to these authors, at this temperature,
the primary mechanism for particle growth is the surface
migration of PdO in an oxidizing atmosphere which is in-
hibited when the size of crystallites reaches the size of
pores. For an unknown reason, treatment in hydrogen at
the same temperature resulted in considerable Pd sintering.
Although the influence of the atmosphere is not well un-
derstood, those results clearly confirm that the final crystal-
lite size distribution can be strongly affected by the porous
texture.
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During drying in an autoclave, gels are placed in a hyper-
critical fluid composed mainly of ethanol. Under this reduc-
ing atmosphere at 327°C, it can be reasonably assumed that
Pd?* cations trapped in complexes are transformed in Pd°.
This results in the formation of metal crystallites which are
observed by TEM in noncalcined samples (Fig. 4). Thisdry-
ing then combines the conditions which favor the migration
and coalescence mechanism: a metal catalyst on an oxide
support under reducing atmosphere and high temperature
which enhances the crystallite mobility. In the case of co-
gelled samples C10, C13, and C18, it has been shown that Pd
crystallites have a diameter of about 2.2 nm and are located
inside SiO, particles. The latter exhibit a monodisperse mi-
cropore distribution centered on a hydraulic radius ri micro
equal to 0.43 nm. It can be assumed that the value of 2.2 nm
for the Pd particle diameter obtained with dried samples
corresponds to the diameter of particles just formed after
Pd?* reduction in the autoclave. Pd crystallites would also
be observed on the surface of SiO, particles if there were
migration and coalescence of smaller metal particles. The
hydraulic radius being equal to 0.43 nm, the characteristic
width of the micropores is smaller than that of the Pd par-
ticles. It appears then that in samples C10, C13, and C18, it
is impossible for Pd crystallite to migrate outside the silica
particle and it can be concluded that those cogelled samples
are sinter-proof during hypercritical drying.

Although sample C19 is also cogelled, it exhibits very
large Pd particles, the mean size of which is 80.9 nm.
Among the four cogelled catalysts examined here, sam-
ple C19 is characterized by the lowest ratio ([TEOS] +
[SiO3CgN2H2,])/[Pd?*] which is equal to 31 (Table 6). Ac-
cording to the nucleation hypothesis, this leads to a large
number of Pd crystallites and a small SiO, particle diame-
ter (7 nm). It then becomes probable that Pd particles are
not completely coated with SiO,. Gaps would exist which
allow Pd crystallites to migrate out of SiO, particles. The
migration and coalescence mechanism can then occur. The
huge size of Pd particles in C19 indicates that sintering oc-
curs to a very large extent during hypercritical drying. In
their study on the mechanism of aging of supported metal
catalysts, Ruckenstein and Dadyburjor (41) point out that
migration is size dependent and will be very small for par-
ticles larger than about 5 nm. What happens probably in
sample C19 is that, as explained by these authors, the larger
particles grow because the smaller particles, which migrate
much faster, coalesce with them. One has to point out that
direct ripening can also take place when a small crystallite
comes near to a large one (42).

Since a purpose of this work is to study sintering during
hypercritical drying, cogelled catalysts, which were all dried
in this way, have been examined just after drying without
being calcined (except for the analysis of sample C18 by
CO chemisorption, which requires calcination). The situ-
ation is different for impregnated catalysts, four of which
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(12, 13, 14, and 15) have been dried under vacuum after
impregnation. Due to the mild conditions of this drying
(T =150°C), Pd particles are probably only formed, at the
oxide state, during a calcination step which then becomes
necessary. In sample 11, the only one dried in an autoclave
after impregnation, Pd crystallite size was measured before
and after calcination and no difference was detected. The
comparison between impregnated samples 11 and 12 again
allows us to show the extent of sintering during hypercriti-
cal drying. Mean Pd crystallite sizes have been measured by
TEM and image analysis (Table 3). One obtainsd =24.6 nm
for 11 (which is in agreement with CO chemisorption) and
d =7.5 nm for 12. The textures of those two samples are al-
most identical except in the macroporous domain (Table 5)
where it can be seen that hypercritical drying allows us to
retain more macropores. The gap between the metal dis-
persion in samples 11 and 12 is then not due to a difference
between textures but can be explained, as for sample C19,
by a high mobility of Pd crystallites in the autoclave condi-
tions when those metal particles are not trapped. This leads
to the low dispersion observed in sample 11. Although cat-
alysts 12, 13, 14, and 15 have all been dried under vacuum
after impregnation, their metal dispersions are very differ-
ent: d &~ 7.4 nm for 12, 13, and d ~ 4.7 nm for 14, 15. As has
been shown above, samples 12 and 13 on the one hand and
samples 14 and 15 on the other hand exhibit very different
textures: while the former exhibit a continuous distribution
in the mesopore range, the latter do not present any meso-
pores with a diameter larger than approximately 15 nm
(Fig. 9). Although an oxidizing atmosphere would favor
Ostwald ripening according to Ruckenstein and co-workers
(37), Zou and Gonzalez in their study on the thermal stabil-
ity of Pd/SiO; sol—gel catalysts (46) assume that, at 650°C
in an oxidizing atmosphere, sintering occurs by the migra-
tion and coalescence mechanism. If we follow this second
hypothesis, the smaller size for Pd crystallites in samples 14
and 15 can be explained by the theory of Ruckenstein and
Pulvermacher (45) who proposed that when the size of a
crystallite is matched to the diameter of the pore, surface
diffusion is inhibited and crystal growth does not occur.
As can be seen in Fig. 9, this inhibition will appear for the
smaller particles in samples 14 and 15 in relation to samples
12 and 13.

The higher monodispersity in Pd particles-size distribu-
tions obtained with SiO3CgN2H»;, (12 and 14) in relation to
NHj3 (13 and 15) may indicate a more homogeneous distri-
bution of this metal complex on the support surface during
impregnation following a better anchoring.

CONCLUSIONS

The use
oxysilane

of 3-(2-aminoethyl)aminopropyl-trimeth-
(SiO3CgNyH3) to  form  the complex
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Pd2+(Si0308N2H22)2 in an ethanolic solution contain-
ing TEOS and aqueous ammonia has allowed us to obtain
cogelled catalysts with avery particular structure. It appears
indeed that this metal complex acts as a nucleation agent
for the formation of the silica particles. The examination of
the texture, the metal dispersion, and its localization in co-
gelled samples leads to the following conclusion: palladium
crystallites with a diameter of about 2.2 nm are located
inside silica particles exhibiting a monodisperse microp-
orous distribution centered on a hydraulic radius equal to
0.43 nm. The continuous meso- and macropore distribution
is located in voids between these particles and between
aggregates constituted of these particles. Although Pd par-
ticlesare located inside SiO; particles, their complete acces-
sibility, via the micropore network, has been demonstrated.

Impregnated catalysts have also been synthesized. In the
latter, it appears clearly that Pd particles are located out-
side SiO;, particles. Samples with various textures have been
prepared and it has been shown that the metal dispersion
is texture dependent.

The relation between the texture of cogelled and impreg-
nated catalysts and their behavior toward sintering has been
studied in detail. If the migration and coalescence of pal-
ladium particles is considered as the predominant mecha-
nism responsible for sintering during hypercritical drying
as well as during calcination, the following conclusions can
be drawn:

(a) Because they are larger than the micropores of the
silica particles in which they are located, the palladium crys-
tallites in cogelled samples are trapped and are then unable
to migrate. In consequence, those catalysts are sinter-proof
during hypercritical drying.

(b) When the Pd particles are not trapped (in impreg-
nated samples or in cogelled ones if Pd is not completely
coated with SiO,), hypercritical drying leads to an extensive
sintering. This shows that metal particles are very mobile in
the autoclave conditions.

(c) During calcination of impregnated catalysts dried un-
der vacuum, sintering occurs to various extents depending
on the support texture. The Pd crystallite size decreases
when the pore size distribution is shifted toward the small
sizes. This can be explained by the fact that when the size
of a crystallite is matched to the diameter of the pore, sur-
face diffusion is inhibited and crystal growth does not occur
anymore.
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