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We introduce two novel synthesis strategies to make nanoclusters
on silicaand aluminasupports using inverse micelle technology and
sol—gel processing. In the first method, sol-gel chemistry (hydrolysis
and condensation of metal alkoxides) is performed in alcohol-free
inverse micelle, metal cluster solutions. In the second method, metal
clusters formed in traditional inverse micelle solutions are allowed
to diffuse into preexisting wet monoliths formed using traditional
sol-gel techniques. The different materials produced are character-
ized and compared with respect to particle size and the substrate
properties using N, porosimetry methods, chemisorption, atomic
absorption, and transmission electron microscopy. The effect of
calcination on particle and support stability is determined and dis-
cussed in terms of the metal coverage and the relationship between
particle size and pore dimensions. We conclude that the relative
sizes of particles and pores has no clear effect on sintering behavior.
Sintering appears to be predominately dependent on metal loading
normalized against the support surface area suggesting Ostwald
ripening as the sintering mechanism.  © 1999 Academic Press

Key Words: platinum; silica; alumina; clusters; sol—gel; sintering;
inverse micelles.

INTRODUCTION

Nanometer-sized metal clusters embedded in sol-gel-
prepared metal oxide substrates form a unique class of
catalytic materials. Sol-gel processing loosely defines the
inorganic polymerization reactions of hydrolysis and con-
densation of metal alkoxides to form solid metal oxides
(1). Because many synthesis parameters are available, sol-
gel processing offers versatility in final material properties
not available by other catalyst synthesis methods (2-5). For
instance, by adjusting the oxide precursor type and concen-
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tration, the water to precursor reaction ratio, and whether
the reactions are acid or base catalyzed, materials with con-
trolled surface areas and pore dimensions are produced.
Formation of metal oxide colloidal dispersions (sols) pre-
cedes final condensation into monolith, particulate, or thin
film gels. Also, it is possible to tune molecular composition;
SiO,, Al,O3, TiO,, and other pure species, as well as mixed
metal oxides are formed. Atomic metals are added later to
gels when salts are ion exchanged with terminal hydroxyl
groups (6, 7), through impregnation of metal salts into the
gel backbone (8-11) or through the use of chelating agents
(12, 13). Reduced metal clusters are formed by chemical,
thermal, and photolytic reduction. Again, the methods are
versatile with respect to metal type, and Pt, Pd, and Ru are
common.

In addition to versatility, metal cluster, sol-gel materials
have specific catalytic advantages. For clusters synthesized
by impregnation techniques and independent of metal type
or support composition, some degree of occlusion of the
particles within the metal oxide framework occurs (14-17).
As a result, higher resistance to metal sintering is noticed.
Also, sol-gel processing parameters have been used to con-
trol pore dimensions and particle sizes so that the particles
are encapsulated (i.e., the pore size is approximately equal
to the particle diameter) (18). Resistance to sintering in-
creases without occlusion of the particles. In one case, how-
ever, lower activities were observed due to encapsulation
(19). In another study, Pt/Al,O3 sol-gel-prepared materi-
als showed resistance to coke formation for a number of
different support and particle morphologies (20).

In this work, we introduce two novel synthesis strategies
to make Pt particles embedded in sol-gel formulated SiO;
and Al,O3, and we test sintering resistance. In an earlier
study, we synthesized Au particles in SiO, by combining
inverse micelle techniques with sol-gel processing in non-
aqueous, alcohol-free surfactant solutions (21). We have
now expanded the synthesis to include the formation of Pt
particles and the formation of Al,O3 supports. We also de-
velop a second synthesis approach in this paper; namely,
inverse micelle-synthesized Pt clusters are encapsulated in
traditionally synthesized sol-gel SiO; supports. The clusters
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are allowed to diffuse into the pores of a wet alcogel, and
drying of the gel encapsulates the particles in the microp-
ores. The synthesis methodologies we present offer the ad-
vantages of the inverse micelle technique to make clusters;
namely, ultrasmall, monodispersed particles of controlled,
tunable sizes are formed (22, 23). Also, the methodology of-
fers a novel procedure to encapsulate particles in the sup-
port by building the metal oxide framework around the
clusters. We study the sintering behavior of our samples.

We will soon report in a separate letter the activity, selec-
tivity, and stability of our catalysts in the dehydrogenation
of propane.

EXPERIMENTAL

Materials

The following materials were purchased from Aldrich
Chemical Co. and were used as delivered: the surfactant di-
dodecyldimethylammonium bromide (DDAB), tetraethyl-
orthosilicate (TEOS), aluminum tri-sec-butoxide (97%0),
ethyl acetoacetate (99+%), platinum (I1) chloride (98%0),
apolar solvent toluene (99.9+% purity), reducing agent
lithium borohydride in tetrahydrofuran (2M), and a 40 wt%
tetrabutylammonium hydroxide (TBAOH) in water solu-
tion. Acid and base solutions were made from HCl-certified
1 N solution and concentrated HNO3; and NH,OH certified
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ACS plus from Fisher Scientific. Absolute ethyl alcohol was
obtained from AAPER alcohol.

Synthesis

The synthesis of nanoclusters via inverse micelle solu-
tionsis an established technique (22, 23). Metal salts are sol-
ubilized within the polar regions of inverse micelles. When
a reducing agent is added, nucleation and growth of the
metal particles commences. Stabilization of the growth is
controlled by the surfactant, and final particle size depends
on a number of synthesis variables. The synthesis of Au
particles encapsulated in SiO; via an inverse micelle, sol-
gel-combined procedure was described earlier (21, Fig. 1).
Here, we extend the synthesis to include Pt particles and
Al,O3 supports (Table 1).

Sequential inverse micelle, sol-gel-derived Pt/SiO,.  Sur-
factant is added to toluene (5 wt%) and stirred by
hand shaking to form the inverse micelle solution. PtCl,
(0.005 M) and the gel precursor TEOS (0.4 M) are added to
the DDAB and toluene mixture, and the solution is stirred
until the salt is fully solubilized. Sufficient LiBH4/THF so-
lution to result in a 3: 1 ratio of BH, : Pt** is then injected
into the salt precursor solution under rapid stirring to form
the Pt clusters. The 40 wt% TBAOH in water solution is
added to the mixture 5 min after the addition of the LiBHa,
and gelation is marked when the solution no longer flows

1. Formation of nanoclusters by the inverse micelle technique.
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FIG. 1.

Schematic representation of the “sequential” reaction method to form clusters embedded in gels. All reactants are initially present and the

two reactions (metal salt reduction and sol-gel processing) are carried out in sequence. In the “concurrent” reaction methods, the two reactions are
carried out separately and the two products (clusters in inverse micelles and wet monoliths) are mixed.
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TABLE 1

Summary of Samples, Recipes, and Postsynthesis Treatments Used in this Study

Catalyst Recipe

Postsynthesis treatment

Pt/SiO, xerogel
Pt/SiO, aerogel
Pt/Al,O3 xerogel
Pt/Al,O3 aerogel
Pt/SiO} xerogel

Si-3H,0 - 23DDAB/Tol - 0.2 TBAOH - 0.005 M PtCl,

Si-3H,0 - 23DDAB/Tol - 0.2 TBAOH - 0.005 M PtCl,

Al-3H,0 - 14DDAB/Tol - 0.2HNO3 - 0.005 M PtCl,

Al-3H,0 - 14DDAB/Tol - 0.2HNO3 - 0.005 M PtCl,

Si-4EtOH - H,0 - 0.007HCI; 0.1H,0 - 0.05 M NH,OH; 0.01 M PtCl,

Washed; 40, 50, 120°C air drying stages
Supercritical extraction: CO,, 40°C
Washed; 40, 50, 120°C air drying stages
Supercritical extraction: CO,, 40°C
Washed; 40, 50, 120°C air drying stages

Note. The asterisk always refers to the sample synthesized by the “concurrent” procedure explained in the text.

under gravity. The water to gel precursor molar ratio is set
at 3: 1. The gels are aged for 2 days at 50°C and are washed
with pure toluene (soaked for several hours at 50°C, three
cycles) to remove any unattached surfactant, metal salt, or
excess reducing agent. The samplesare then splitin two with
half being used to form xerogels and the other half being
used to form aerogels. Xerogels are formed by three staged
drying cycles of 40, 50, and 120°C each overnight. Aerogels
are formed under supercritical CO, extraction. The over-
all molar equivalent ratio of the synthesis is Si:3H,0:23
toluene: 0.2 TBAOH where the toluene value actually rep-
resents 0.005 M PtCl, in 5 wt% DDARB in toluene.

Sequential inverse micelle, sol-gel-derived Pt/Al,Os.
The Pt/Al,O3 synthesis is loosely based on a previous al-
cohol based Al,O3 recipe without metal (19, 24). DDAB
is added to toluene (5 wt%) and stirred by hand shak-
ing to form the inverse micelle solution. The gel precur-
sor is a 1:1 molar ratio of aluminum tri-sec-butoxide and
ethyl acetoacetate. PtCl, (0.005 M) and the gel precursor
(0.8 M) are added to the DDAB and toluene mixture, and
the solution is stirred until the salt is fully solubilized. The
LiBH4/THF solution is then injected into the salt precursor
solution to form the clusters under rapid stirring so that the
[BH;1:[Pt**]=3: 1. After 30 min, an aqueous 4.3 M HNO3
solution is added and gelation is marked when the solution
no longer flows under gravity. The water to gel precursor
molar ratio issetat 3: 1. The gels are aged for 2 days at 50°C
and are washed with pure toluene (soaked for several hours
at 50°C, three cycles) to remove any unattached surfactant,
metal salt, or excess reducing agent. The samples are then
split in two with half being used to form xerogels and the
other half being used to form aerogels. Xerogels are formed
by three staged drying cycles of 40, 50, and 120°C each
overnight. Aerogels are formed under supercritical CO,
extraction. The overall molar equivalent ratio of the syn-
thesisis Al : 3H,0 : 14 toluene : 0.2 HNOz where the toluene
represents 0.005 M PtCl, in 5 wt% DDAB in toluene.

Concurrent inverse micelle, sol-gel-derived Pt/SiO3. An
asterisk denotes samples made by the “concurrent” meth-
odology. Here, Pt clusters are synthesized with a “standard-
ized” inverse micelle recipe. Concurrently, SiO, monolith is
synthesized with a standardized ethanol sol-gel recipe. The

clusters are then allowed to diffuse into the gel, and the gel
is dried leading to encapsulation of the particles in the mi-
cropores. To form the clusters, 0.01 M PtCl; is solubilized in
a5wt% DDAB, toluene mixture. The LiBH4/THF solution
is injected into the salt precursor solution under rapid stir-
ring so that the [BH, ]: [Pt?*] ratio is 3: 1. To form the SiO;
monolith, a stock solution of 61 ml TEOS, 61 ml ethanol,
4.87 mlwater,and 0.2ml1 M HClisrefluxed at60°Cfor 1.5h
with stirring. The solution is stable indefinitely at 20°C, but
is stored in a freezer to ensure stability. The approximate
molar ratio of the solution is TEOS : 4 ethanol : H,O : 0.007
HCI. Mixing a 10: 1 volume ratio of stock solution to 0.5 M
NH;OH causes gelation within minutes. The gels are aged
and washed three times with excess ethanol at 50°C for
several hours. To produce the cluster/SiO; matrix, the gels
are washed three times with excess toluene at 50°C for
several hours. Then, the SiO; is washed with excess cluster
solution three times at 50°C for several hours. Xerogels are
formed by three staged drying cycles of 40, 50, and 120°C
each overnight. The methodology was not extended to
aerogels or Al,O3 supports, although this should be facile.

All samples were calcined in a tube furnace under air. A
two-stage temperature ramp was used. The samples were
held at 250°C for 1 h and then the final temperature for
1 h. Final calcine temperatures were determined by TGA
results as discussed below.

Characterization

Metal weight fractions on the supports were determined
with a Perkin—-Elmer 5100PC atomic absorption spec-
trophotometer (AA). Thermogravimetric analysis (TGA)
was completed with a TA Instruments Thermal Analyst
2000. Platinum particle size was characterized by transmis-
sion electron microscopy (TEM) with a 300-keV Phillips
CM30 electron microscope. To prepare TEM samples,
dried, crushed gels were dispersed over a holey carbon sub-
strate. N, porosimetry, surface area analysis (BET) of the
crushed xerogels and aerogels was carried out with a Quan-
tachrome Autosorb-6 surface analysis apparatus. BET sam-
ples were outgassed for 20 h at 100°C. Pore size distri-
butions were calculated with the Kelvin equation for the
mesopores with the deBoer equation to correct for micro-
pores. We present the desorption isotherm for the pore
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size distribution calculations, as suggested by the Quan-
tachrome manual. For practical purposes, our data shows
no changes (<5-10% shift) in the pore distribution maxima
for desorption vs adsorption isotherms (adsorption curves
are generally broader). Hydrogen chemisorption was mea-
sured using a Coulter Omnisorp 100CX instrument. All
chemisorption samples were calcined at 450°C in air for 1 h
except the concurrently produced Pt/SiO; sample. Based
on TGA results, the concurrently produced Pt/SiO3 sample
was calcined at 600°C for 1 h in air. In the chemisorption
unit, the samples were outgassed in flowing He at 350°C for
1 h followed by reduction in flowing hydrogen at 400°C for
2 h. Samples were then evacuated at 405°C for 3 h prior to
cooling to room temperature before measurement of hy-
drogen uptakes. Dispersions were calculated from total hy-
drogen uptake and converted to particle sizes by assum-
ing spherical particles and a Pt atom surface density of
1.25 x 10% atoms/cm?. Three sets of samples were tested
by AA to test the reproducibility of the synthesis on metal
loadings. Only the first set of samples was used for TEM,
chemisorption, and BET studies (i.e., those listed first and
on the left in Table 3).

RESULTS

TGA weight loss results indicate a large difference
between the samples produced by the sequential reac-
tions of metal reduction, hydrolysis, and condensation and
the Pt/SiO; sample produced by the concurrent synthesis
(Fig. 2). The weight loss is large on an absolute scale for
the samples produced in the sequential methodology with
greater than 50% weight loss. Most weight loss occurs be-
low 400°C so 450°C was chosen as the calcination temper-
ature. The Pt/SiOj sample shows two weight loss regions,
at approximately 350 and 550°C. Only 15 wt% of the to-
tal sample is lost. A temperature of 600°C was therefore
chosen as the calcination temperature to ensure complete
weight loss prior to analysis and testing. TGA results did
not differ in air compared to an inert He atmosphere.

BET surface area results indicate a large difference be-
tween the samples produced by the sequential reactions
and the SiOj; sample produced by the concurrent synthe-
sis (Fig. 3). Sequentially produced Pt/SiO, and Pt/Al,O3
xerogels and aerogels are nonporous and show little sur-
face area. Upon calcination surface area increases greatly.
The same trend is observed with the Pt/SiO} xerogel, but
these samples are mesoporous with high surface areas even
prior to calcining. Differential pore size analysis shows
the Pt/SiO} xerogel pores are larger with a broader pore
size distribution then the other samples (Fig. 4). A repre-
sentative adsorption and desorption isotherm is presented
(Fig. 5).

Particle size was studied with TEM (Fig. 6) and H;
chemisorption (Table 2). TEM analysis indicates the ini-
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FIG.2. TGA results to determine weight loss with temperature. In

sequentially produced samples, over 50 wt% is lost due to unreacted gel
precursor left by the inefficiency of sol-gel processing in inverse micelle
solutions. The concurrently produced samples, using a well-studied syn-
thesis procedure to produce silica monoliths, result in an efficient reaction
and little loss. (a) SiO, samples. (b) Al,O3 samples.

tial Pt/SiO; xerogel, Pt/SiO, aerogel, and the Pt/SiO} xero-
gel particle diameters are 1.5, 1.5, and 2.0 nm, respectively.
After calcination, TEM particle sizes increase to 4.5, 4.0,
and 3.5 nm, respectively. The Al,O3; xerogel and aerogel
show aggregated metal particles throughout the substrate.
No individual particles are observed. After calcination, in-
dividual particles are observed. The Pt/Al,O3; xerogel and
aerogel particle diameters are 3.5 and >50 nm, respectively.
Particle sizes determined by chemisorption are compared to
TEM results (Table 2). For the calcined Pt/SiO, and Pt/SiOj;
aerogels and the calcined Pt/Al,O3 xerogel, the measured
dispersions are 12.7, 22.3, and 11.1%, respectively, corre-
sponding to particle diameters of 4.5, 2.5, and 4.9 nm, in
close agreement with TEM results. H, chemisorption mea-
surements were not possible on the uncalcined samples due
to severe outgassing problems.

Atomic absorption spectroscopy was used to determine
metal loadings. Three separate sample sets were tested
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FIG. 3. N;porosimetry results to determine surface area in dried and

calcined samples. In sequentially produced samples, removal of the un-
reacted TEOS upon calcination opens the pores and a large increase in
surface area is observed. (a) SiO; samples. (b) Al,O3 samples.

(Table 3). The first set of humbers (on the left) repre-
sents the samples used for BET, TEM, and chemisorption.
For the Pt/SiO; xerogel, Pt/SiO; aerogel, Pt/SiOj} xerogel,
Pt/Al,O3 xerogel, and Pt/Al,O3 aerogel, the metal load-
ingsare 0.24 +0.08,0.23 £ 0.07,0.25 £ 0.03,0.22 + 0.14, and
0.24 £+ 0.14 wt%, respectively. Reproducibility is poor, but it
is particularly poor with the Al,O3 samples indicating an ex-
treme sensitivity of metal loading to synthesis conditions. It
is possible to increase metal loadings by increasing precur-
sor salt concentrations, but particle size and polydispersity
generally increase.

DISCUSSION

Synthesis Effects on Support Properties

TGA results indicate that for samples synthesized via
the sequential methodology (i.e., sol-gel processing is com-
pleted in an alcohol-free, cluster, inverse micelle system)
over 50 wt% of the sample is thermally lost by about 400°C.
The only single component present to such extent in the ini-
tial reaction mixture is the gel precursor TEOS leading us to
believe that the large weight loss in the final product is due
to unreacted TEOS monomer. Itis likely that the unreacted
TEOS results from inefficient hydrolysis and condensation
reactions in apolar, alcohol-free inverse micelle mixtures.
The same argument holds for the alumina system.
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In samples synthesized via the concurrent methodol-
ogy (i.e., using a well-defined sol-gel process taking place
in ethanol followed by the addition of an already pre-
pared cluster, inverse micelle solution), TGA results show
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FIG. 4. Pore size distributions calculated from the porosimetry re-
sults. In sequentially produced samples, the pores are small and monodis-
perse falling on the limit of what is defined as mesoporous (pore sizes ap-
proximately 1 nm in diameter). There is little effect of calcination. In the
concurrently synthesized sample, pore sizes are larger and more disperse.
The average pore size is approximately 6 nm in diameter before calcination
(not shown) and grows upon calcination to approximately 11 nm in diam-
eter. (a) Sequentially produced SiO, samples; (b) concurrently produced
SiO, sample; (c) sequentially produced Al,O3 samples. Only representa-
tive data points are shown. Lines represent the full data sets.
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FIG.5. A representative adsorption and desorption isotherm for
monoliths produced in inverse micelle solutions. Isotherm shown is for
calcined Pt/SiO; xerogel.

two weight loss regions with a total loss of approximately
12 wt%. No weight loss occurs before 200°C indicating that
all solvents were removed in the drying procedure. At ap-
proximately 200°C, there is a loss of about 6 wt% mostly
due to the thermal breakdown of surfactant. There is little
unreacted TEOS due to the highly studied, efficient synthe-
sis procedure used. Finally, starting at approximately 400°C,
about 5 wt% is lost probably due to the thermal breakdown
of terminal hydroxy groups.

The N; porosimetry results support our TGA analysis.
In sequentially synthesized samples, no measurable surface
area exists before calcination, because of the presence of
surfactant and unreacted TEOS in the pores. The surface
area increases greatly upon thermal removal of these com-
ponents. In the concurrently synthesized sample, surface
area increases slightly due to removal of surfactant.

In our earlier work, we studied the synthesis parameters
that govern final material properties in sol-gel-processed

TABLE 2

Summary of Particle Diameters as Determined by TEM

Particle diameter (nm)

Postcalcination

Catalyst Postsynthesis TEM TEM Chemisorption
Pt/SiO; xerogel 15 45 45
Pt/SiO, aerogel 15 4.0
Pt/Al,O3 xerogel Aggregated 35 4.9
Pt/Al,O3 aerogel Aggregated >50
Pt/SiO; xerogel 2.0 35 25

Note. TEM results are compared to chemisorption results for the post-
calcined samples.

TABLE 3

Summary of Weight Percent Metal Loading as Determined
by Atomic Absorption (AA)

Metal loading (wt%o)

Catalyst Uncalcined Calcined
Pt/SiO, xerogel 0.16,0.25,0.31 0.32, 0.50, 0.62
Pt/SiO, aerogel 0.15,0.27,0.26 0.43,0.77,0.74
Pt/Al,O;3 xerogel 0.20,0.10, 0.37 0.50, 0.25, 0.92
Pt/Al,O; aerogel 0.37,0.10,0.26 1.06, 0.29, 0.74
Pt/SiO} xerogel 0.25 0.30

Note. Measurements on multiple samples show the reproducibility of
the synthesis. Only the samples whose metal loadings are represented in
the left-most column are used in BET, TEM, chemisoption, and catalyst
testing experiments.

materials in inverse micelle systems (21). We observed, as
we observe here, that monoliths form at much lower water:
TEOQOS ratios than in alcohol-based systems. We speculate
that monoliths form due to localized high water concen-
tration regions in the inverse micelles with the hydrolysis
and condensation reaction mechanisms taking place across
surfactant monolayers and in transient micelle material ex-
change states. It appears in these mechanisms that only a
fraction of TEOS is exposed to the water-rich regions and
participates in the reaction, thus providing a high effective
water concentration as we speculated earlier. Also in our
previous work, we noticed a reverse trend in surface area
with the water: TEOS ratio than is typically found in alco-
hol systems. As the samples in our previous study were not
calcined, it is unfortunate that we were measuring surface
areas of materials obstructed with unreacted TEOS. True
monolithic surfaces were not measured calling into ques-
tion the analysis of the effect of the water: TEOS ratio in
that work.

Synthesis Effects on Particle Properties

TEM results indicate that the metal reduction reaction to
form clusters is highly efficient in the SiO, samples. Small,
monodisperse particles with diameters of less than 2 nm are
typical for Pt particles synthesized in pure DDAB/toluene
inverse micelle mixtures. Visually, an abrupt color change
and rapid H; gas production indicate an instantaneous re-
action. In the sequential reduction methodology, the pres-
ence of TEQS, the hydrolysis and condensation reactions,
and drying have no effect on final particle size (2-nm di-
ameter Pt particles are synthesized in pure DDAB/toluene
solutions). In the concurrent reduction methodology, diffu-
sion of the particles into the gel network and drying have
no effect on final particle size.

The reduction reaction efficiency decreases substantially
in alumina systems. Visually, color change and H; produc-
tion occur over atleast 0.5 h. Inreactionsin inverse micelles,
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Pt / Silica aerogel

FIG. 6.
before calcination.

itis known that slow nucleation and growth results in large,
polydisperse size distributions. We observe similar results
here. Particularly poor reproducibility in metal loadings
also indicates inefficiency in the metal reduction reaction.
Further, the particles are aggregated indicating surfactant
stabilization was not effective. A concurrent reaction mech-
anism where the particles are synthesized separately maybe
required to obtain highly dispersed Pt particles inaluminum
gels. We have not yet studied a concurrent reaction mech-
anism for alumina.

The Dominant Mechanism of Sintering

In the sequentially synthesized SiO, samples, particles
are most likely occluded in unreacted TEOS prior to cal-
cination. After calcination, the particle size increases to
approximately three times larger than the pore dimen-

10

Representative TEM picture of inverse micelle cluster, sol-gel-derived materials. Sample shown is of Pt clusters on a SiO; aerogel support

sions even at the relatively low calcination temperatures
of 450°C. Agreement between TEM and chemisorption re-
sults indicates that the particles are moving out of the pores
and onto the surface of the substrates rather than being oc-
cluded in the support structure.

In the concurrently synthesized Pt/SiO} xerogel, particle
size is approximately three times smaller than the pore di-
mension before calcination. After calcination, the particle
size and the pore dimensions grow only slightly (i.e., no sin-
tering), the particle size remains approximately three times
smaller than the pore dimension. Agreement between TEM
and chemisorption results indicates no particle occlusion.

Itis clear from the above results that no clear relationship
between particle size and pore dimension affects sintering
behavior. Previouswork on Pt/SiO; catalysts (18) states that
there is a strong relationship between particle size and pore
size and that for low metal loadings sintering is prevented
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when particle sizes match average pore diameters. The con-
clusions of this previous work were based upon three dis-
tinct cases: (i) “high” (>0.5 wt%) Pt loadings with parti-
cle sizes smaller than the pore size; (ii) “high” Pt loadings
with particle sizes matched to the pore size; and (iii) “low”
(<0.3 wt%) Pt loadings with particle sizes matched to the
pore size. The fourth case, low Pt loadings with particle sizes
smaller than the pore size, was not studied. Thus, the possi-
bility that sintering resistance is merely a reflection of only
Pt loading could not be eliminated. The concurrently syn-
thesized Pt/SiOj; xerogel reported here falls into the fourth
case and demonstrates resistance to sintering even though
the particle size and pore size are not well matched. Our
results for the Pt/SiO; sample when compared to previous
work are further evidence that there is no clear relationship
between particle size and pore dimension affecting sinter-
ing behavior.

The combined results of the previous work (18) with the
results presented here provide strong evidence that sinter-
ing is a function of metal coverage. If metal coverage is
defined as the metal loading normalized against the surface
area of the support (g Pt/m? of support), and we plot the fac-
tor increase in metal particle size (i.e., amount of sintering)
as a function of metal coverage (Fig. 7), we see a definite
correlation. The degree of sintering increases with Pt cov-
erage. It is important to reiterate that the sintering is not
observed as a function of metal loading. Within our study,
the Pt/SiO; xerogel and the Pt/SiO; xerogel have similar
metal loadings, but different sintering behavior is observed.
Metal coverage as defined above is the dominant effect.

Metal particle sintering on support materials occurs by
two mechanisms: (1) particle aggregation due to particle dif-
fusion along the support, and (2) Ostwald ripening where
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FIG. 7. The factor increase of particle size (i.e., degree of sintering)
as a function of metal coverage shows a correlation. Metal coverage is de-
fined as the weight of platinum in a sample divided by the surface area of
the support. The degree of sintering increases with metal coverage indicat-
ing that the dominant mechanism of sintering is concentration-dependent
Ostwald ripening. The data presented are taken from this work and pre-
vious work (18).

large particles grow at the expense of smaller particles due
to atomization and diffusion between particles. As both
mechanisms are dependent on particle concentration (i.e.,
number of particles per unit area) and metal coverage is
closely related to concentration, both particle diffusion and
Ostwald ripening would be expected to display the behav-
ior shown in Fig. 7. If, however, we accept that particle
migration is hindered in cases where the pore size and par-
ticle size match, we can conclude that Ostwald ripening
is the predominate sintering mechanism. To see this, con-
sider the behavior of the Pt/SiOj; sample relative to the
0.2 wt% Pt/SiO, sample of Zou and Gonzales (18). Both
samples have similar metal loadings, Pt particle sizes, and
surface areas, but differ substantially in terms of pore size
distribution; the sample of Zou and Gonzales shows a good
match between pore size and particle size, while the pores
in the Pt/SiO} sample are much larger than the particle size.
As a result, particle diffusion should be much faster in the
Pt/SiO3 sample, yet both samples exhibit similar sintering
behavior. We therefore conclude that particle diffusion is
not the dominant sintering mechanism under the conditions
tested. Thus, while matching particle size and pore size may
have an inhibiting effect on particle diffusion, we conclude
that Ostwald ripening is not inhibited by such matching.
It may be possible to effect vapor pressures and influence
surface tensions by encapsulation such that the mechanism
for Ostwald ripening is hindered, but there is yet no exper-
imental evidence to quantify the effects.

The effect of calcination on particle size in alumina sam-
ples is counterintuitive. Encapsulation is not an issue, be-
cause the particles and aggregates are much larger than
the pore dimensions. With calcination, aggregated particles
separate into smaller domains. In alumina samples, random
particle diffusion upon calcination apparently decreases the
particle concentration gradient resulting in more dispersed,
smaller particles.

CONCLUSIONS

We introduce two novel synthesis strategies to make
nanoclusters on silica and alumina supports using inverse
micelle technology and sol-gel processing. In the first
methodology, sol-gel chemistry is performed in alcohol-
free inverse micelle, metal cluster solutions. Hydrolysis and
condensation reactions are inefficient, but nonetheless
monoliths form around the clusters. In the second method,
metal clusters formed in traditional inverse micelle so-
lutions are allowed to diffuse into preexisting monoliths
formed using traditional sol-gel techniques (hydrolysis and
condensation in ethanol). The two techniques give materi-
als with similar cluster sizes, but different pore dimensions.
We conclude that the relative sizes of particlesand pores has
no clear effect on sintering behavior. Sintering appears to be
predominately dependent on metal coverage, defined as the
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metal loading normalized against the support surface area,
suggesting Ostwald ripening as the sintering mechanism.
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