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Rh/SiO,, to be used as a potential catalytic material, was
prepared using sol-gel processing. Tetraethoxysilane (TEOS)
was used as the support precursor and Rh(acac); was used as the
metal precursor. Nitrogen full-sorption was used to determine
surface area, average pore size, and total pore volume of the
support, while hydrogen chemisorption and electron microscopy
were used to determine metal particle size. Samples prepared at
a pH of about 3 had a high metal dispersion and well-defined pore
size distribution. Designed metal loading was varied from 0.5 to
1.5 wt%. Dried gels were probed using *’Si Solid state
MAS NMR, and the relative amount of partially and fully
condensed (Q,, Qs, Q) silicon centers was quantified. As the
metal loading was increased, the gels became more fully conden-
sed. Silica prepared at a pH of about 8 showed a significant
increase in the degree of condensation regardless of the rhodium

content. © 2001 Academic Press

1. INTRODUCTION

The preparation of supported metal catalysts by sol-gel
processing is an interesting area of research. The method is
unique because the metal precursor is mixed homogeneous-
ly together with the molecular precursor of the support,
resulting in a greater degree of control over the final proper-
ties of the catalyst. The support precursor is usually a metal
alcoxide that can be hydrolyzed and then condensed to form
a gel network. By the variation of several preparative condi-
tions, one can tailor-make a support with the desired prop-
erties for a particular application. These variables include
pH, water/metal alcoxide ratio (R), gelation temperature,
metal loading, addition of dopants, solvent removal, and
pretreatment conditions. Silica xerogels are easily prepared
from tetraecthyoxysilane (TEOS) under acidic or basic con-
ditions leading to supports with well-defined pore size dis-
tributions and high surface areas.

The ability to control the pore size of silica through
sol-gel processing has led to the preparation of thermally
resistant catalysts such as Pd/SiO,, (1), PtSiO, (2, 3), and
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Rh/SiO;, (4). The goal of these studies was to match the
metal particle size of the reduced catalyst to the pore size of
the support. This was accomplished by manipulating a few
of the preparative variables. The size match led to a decrease
in deactivation by sintering when compared to traditional
catalysts prepared by ion-exchanging noble metal salts onto
commercial supports. The improved thermal stability was
attributed to the decreased diffusion of the supported metal
particles within the mesoporous support (5). Noble metal
acetylacetonate compounds [Pd(acac),, Pt(acac),, and
Rh(acac);] were used as metal precursors due to their high
solubility in acetone. This allowed the precursor to be added
to the initial sol-gel mixture of TEOS, ethanol, and water.
No attempt was made to cause an interaction between the
metal precursor and the support except for constant mixing
to establish homogeneity in the final gel.

Other researchers have prepared silica-supported noble
metal catalysts by the sol-gel method with the intention of
anchoring the noble metal precursor onto the support. This
is accomplished by either altering the support precursor or
the metal precursor to include a reactive moiety. For
example, triethoxysilane has been mixed with Pd(OAc).
in an aqueous/organic solution to prepare a Pd/SiO,
catalyst (6), and X(CHy)3;Si(OEt);, where X = NH,,
NHCH,CH,;NH, or CN has been reacted with several metal
compounds including Pd(acac), and Pt(acac); (7). In another
study, sz+ [(NHz—CHz—CHz—NH—(CHz)3—Si(OCH3]2
was cogelled with tetraethoxysilane (8). A common feature
of these studies was the high dispersion of the final catalyst.

In this paper, the effect of pH on the preparation of silica
supports from TEOS is investigated; the use of acetone as
a solvent in the sol-gel mixture is also investigated. The
addition of acetone is necessary in the preparation of
Rh/SiO; in order to completely dissolve the metal precur-
sor. The effect of pH and metal loading on the surface area,
average pore diameter, pore volume, and dispersion of
Rh/SiO; catalysts is reported. Actual metal loadings are
reported as measured by ICP analysis at Galbraith Labor-
atories in Knoxville, TN. Deconvolution data from 2°Si
solid state NMR spectra are used to show the effect of pH,
solvent, and metal loading on the silica gel structure.
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2. EXPERIMENTAL
2.1. Preparation of Rh/SiO, Catalysts

The catalyst precursors were tetracthoxysilane (TEOS)
and Rh (ITI) 2,4-pentanedionate (Alfa Aesar, Ward Hill,
MA). The metal precursor is also known as rhodium
acetylacetonate, or Rh(acac);. This compound was chosen
because of its high solubility in acetone and simple de-
composition at a moderate temperature (280°C). In a typical
synthesis, 15 ml of TEOS was dissolved in 10 ml of ethanol
and heated at 45°C. A designed amount of Rh(acac),
was dissolved in 10 ml of acetone and also heated to 45°C.
The two solutions were thoroughly mixed together and
deionized water was added in an amount in excess of
that required for stoichiometry (R = mol H,O/mol
TEOS ~ 10). The pH was sometimes manipulated through
the addition of HCI or NH,OH. The resulting homogene-
ous yellow solution was stirred continuously in a rotary
evaporator at 50°C until gelation. Following the formation
of a gel, the temperature was increased to 80°C for a period
of approximately 1 h. The purpose of this heat treatment
was to evaporate the ethanol and acetone prior to the
drying step (4). This ensured the formation of a xerogel with
a narrow pore size rather than an aerogel. Final drying was
performed in an oven at 110°C for a period of 16 h.

2.2. Preparation of Blank Silica

Blank SiO, xerogels were prepared by sol-gel processing.
TEOS was dissolved in ethanol and heated to 45°C, and
sometimes acetone was used as an additional solvent. The
amount of acetone added was 10 ml, which was the same
amount as for samples containing Rh. A designed amount of
deionized water in excess of stoichiometry was added.
Either HCI or NH,OH were used to manipulate the pH of
the solution, which was then placed in a rotary evaporator
at 50°C and constantly stirred until gelation. The temper-
ature was raised to 80°C for approximately 1 h. The gel was
dried at 110°C for 16 h to form a xerogel.

2.3. Thermal Analysis

Thermogravimetric analysis (TGA) was performed on the
dried gels with a Hi-Res TGA 2950 Thermogravimetric
Analyzer from TA Instruments. The analysis was performed
in flowing O, at 100 ml min~! temperature ramp. A Ther-
molab mass spectrometer, in series with the TGA, was used
to determine the identity of the gases evolved from the
sample.

2.4. Pretreatment Procedure

Prior to any further characterization studies, about
200 mg of sample was placed in a pyrex microreactor. The
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sample was heated in flowing O, at a rate of 10°C min~! to
a final temperature of 400°C and held at this temperature
for 30 min. The Rh/SiO, catalysts were also reduced in
flowing H, at 400°C for 1 h. Argon was used to flush out the
reactor between O, and H, treatments. The pretreatment
temperature was maintained using a temperature program-
mer and a gas flow rate of 30 ml min~! was obtained using
Tylan mass flow controllers. All gases were UHP grade and
the appropriate heaters and traps were used to maintain the
integrity of the gas streams.

2.5. Surface Area and Pore Size Measurements

A Coulter Omnisorb Porosimeter was used to measure
the surface area and pore size distribution of all the mater-
ials prepared. A 100-mg sample was placed in a pyrex
holder, heated to 200°C, and evacuated to 10~ > torr. The
full adsorption—desorption isotherm was obtained at 77 K
using UHP nitrogen. Surface areas were calculated using
the BET equation, and pore size distributions were obtained
from the desorption isotherm. For microporous gels (pore
diameter < 2 nm), the Langmuir surface area was cal-
culated, and the average pore size was approximated by the
Harkins—Jura equation using the adsorption isotherm.

2.6. Hydrogen Chemisorption

Hydrogen chemisorption measurements were performed
using the dynamic pulse method. This procedure has been
described in detail elsewhere (9). Weakly adsorbed hydrogen
is not measured when this method is used. Approximately
200 mg of catalyst was placed in a pyrex microreactor and
subjected to the standard pretreatment at 400°C. The reac-
tor was flushed with argon and rapidly cooled at 25°C.
Small amounts of H, (85.8 pul) were pulsed through the
reactor until saturation was attained. A gas chromatograph
equipped with a thermal conductivity detector was used to
monitor the volume of H, leaving the reactor following the
addition of each pulse. The saturation point was determined
when the integrated area from successive eluted peaks was
equal.

2.7. Solid State NMR

A Bruker DX300 solid state NMR was used to determine
the extent of condensation in the dried gels. *°Si MAS
spectra were taken at 59.6 MHZ using a 4-mm rotor at
a rotating speed of 14 kHz. A 7-mm rotor was also used at
a rotating speed of 6.5 kHz. A 2-us high power pulse was
used with a 30-s time delay between pulses and 2000 scans
were taken for each peak. The Q, nomenclature was used to
denote the number of Si-O-Si bonds present about a silicon
center. Up to three distinct peaks were found for each
sample corresponding to the Q,, Qs, and Q, species. The
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spectra for a sample of sol-gel silica dried at 110°C or
calcined at 400°C were identical.

2.8. Electron Microscopy

A Phillips EM 410-transmission electron microscope
equipped with a LaBg filament was used to determine metal
particle size distributions. The samples were prepared by
sonicating 10 mg of catalyst in 30 ml of ethanol. One drop of
the suspension was placed on a holey carbon copper grid
and allowed to dry completely. Typical magnifications re-
quired were 184,000 with an accelerating voltage of 80 keV.
Photographs were enlarged to 8”x 10" size to allow
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FIG. 1. Nitrogen full-sorption isotherm at 77 K for SiO, prepared at
(a) R=4,pH 1;(b) R =10, pH 3; (c) R = 10, pH 8.
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TABLE 1
Effect of pH on the Structure of Sol-Gel Silica
Avg. pore.
BET area Pore vol. diameter
pH (m*/g) (ml/g) mm)  Qx(%) Qs(%) Qa(%) Qu/Qs
1 524¢ 0.20 0.6 2.2 51.8 46.1 0.9
3 502 0.23 3.4 1.0 452 53.9 1.2
8 174 0.53 6, 18 0 153 84.7 5.6

“Langmuir surface area.

measurement of particle size with a micrometer. Approxim-
ately 10 spots from photographs of each sample were ana-
lyzed to obtain size distributions.

3. RESULTS
3.1. Effect of pH on Blank SiO, Gels

The effect of pH on the structural properties of the cal-
cined SiO, gels is most apparent from the full-sorption
isotherms shown in Fig. 1. The isotherm for the sample
prepared at a pH of 1 is microporous (Type I), while the
isotherm for the sample prepared at a pH of 8 is clearly
mesoporous (Type 1V). The physical properties of the gels
are shown in Table 1. Surface area decreases as the pH is
increased, while the pore volume and average pore diameter
are observed to increase. The solid state NMR data shows
a decrease in Q, and Q3 species and an increase in Qg
species. In the last column, the ratio of Q4/Qj3 species is
shown, indicating the relative extent of condensation. The
gel becomes significantly more condensed with increasing
pH. The spectra are shown in Fig. 2 for comparison.

Q,
Q;
© Q,
(b)
(a)
75 80 -85 90 95 -100 -105 -110 -115 ppm

FIG. 2. 2°Si solid state NMR spectra for blank SiO, prepared at (a)
R =4, pH 1.0; (b) R =10, pH 3; (c) R = 10, pH 8.
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TABLE 2
The Structure of Sol-Gel Silica Prepared with Acetone
Langmuir area Pore vol. Avg. Pore
R pH (m?/g) (ml/g) diameter (nm) Q: (%) Qs (%) Q4 (%) Q.4/Qs
10 3 697 0.28 0.6 2.5 47.7 49.8 1.1
30 3 829 0.34 0.5 1.9 50.6 47.5 0.9

3.2. Effect of Solvent on Blank SiO,

The effect of adding 10 ml of acetone to the TEOS/
ethanol/H,O mixture was studied at a pH of 3 and an
R ratio of 10 and 30. The physical properties of the calcined
gels are shown in Table 2. The samples have high surface
areas and microporous structures. The addition of acetone
results in a further branching of the silica structure as
evidenced by the decreasing Q,/Q5 ratio. This is probably
due to the further dilution of the silica precursor when
additional solvent is added. Also acetone, a fairly polar
solvent, may decelerate the condensation rate through sta-
bilization of the negatively charged reactants (= SiO 1)
(10, 11), although the small amount used here does not cause
a significant effect.

3.3. Effect of pH on Rh/SiO,

The effect of pH on the structure of Rh/SiO, is similar to
the effect on blank SiO,. The physical properties of the
pretreated catalysts are shown in Table 3. At a pH of about
2, the resulting gel is microporous with a high surface area,
low pore volume, and moderate dispersion. At a pH be-
tween 2 and 4, the surface area decreases, the pore volume
increases, and the dispersion reaches a maximum value at
a pH of 3.6. The average pore diameter in this pH range is
mesoporous with a well-defined pore size distribution. At
pH > 8 the gel has a broad pore size distribution and low
metal dispersion. The Q,/Q; ratio increases with increasing
pH, indicating a more fully condensed silica structure. The
29Si NMR spectra are shown in Fig. 3 for comparison. The

actual metal loading for all of the catalysts are lower than
the designed metal loading of 1 wt%, and the actual metal
loading increases with increasing pH.

The weight loss curves resulting from the heating of the
dried Rh(acac);/SiO, gels in an oxygen atmosphere are
shown in Fig. 4. Also shown are the first derivative curves.
The initial weight loss has been identified as physisorbed
water, while weight loss at 280°C consists of CO, and H,O
and is due to the decomposition of the supported Rh(acac)s.
The samples exhibit similar weight transitions with the
exception of the sample prepared at a pH of 8.8. The
decomposition of Rh(acac); in this sample is very sharp and
occurs at a slightly lower temperature than that for the
other three samples.

3.4. Effect of Metal Loading

The physical properties of the Rh/SiO, catalysts prepared
with designed metal loadings of 0.5, 1.0, and 1.5 wt% at
a pH of approximately 3 are shown in Table 4. Thermal
analysis of the dried gels results in similar decomposition
curves as shown in Fig. 5. The only significant difference is
the magnitude of the second weight loss, which increases
with increased metal loading as expected. The actual metal
loadings are lower than the designed values, and this often
occurs in samples that have been prepared by the sol-gel
method as discussed in a previous paper (16). As the metal
loading increases, the BET surface area decreases while the
pore volume and average pore diameters remain almost
constant. The extent of condensation (Q,/Q3) increases with
increased metal loading, as shown in Table 5. The increase

TABLE 3
Effect of pH on the Physical Properties of Sol-Gel Rh/SiO, (1 wt% Designed Metal Loading)
Sample pH Rh (wt %) BET area (m?/g) Pore vol. (ml/g) Avg. pore diameter (nm) Dy (%) Q./Qs
RS1 0.5 0.50 298¢ 0.13 0.7 37 1.5
RS2 2.8 0.60 702 0.13 32 39 1.8
RS3 3.6 0.74 590 0.44 38,6 60 19
RS4 8.8 0.95 281 0.45 18.0 27 5.1

“Langmuir surface area.
®Dy = dispersion as measure by H, chemisorption.
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FIG. 3. 2°Sisolid state NMR spectra for Rh/SiO, prepared at R = 10
and (a) pH 0.5, (b) pH 2.8, (c) pH 3. 6, and (d) pH 8.8.

in condensation of the support is further illustrated in Fig. 6,
which shows the pore size distribution of the Rh/SiO,
samples. There are clearly more pores present in the
0.4 wt% Rh sample, and the number of pores decreases with
increasing metal loading. Metal particle sizes are estimated
from hydrogen chemisorption data and TEM measure-
ments. A stoichiometry for of 1:1 for Rh,:H and 7.6 A2
per surface metal atom (12) was assumed. The average metal
particle size calculated from chemisorption and TEM do
not agree exactly, but the trend in size vs metal loading is the
same.

The rhodium particle size distributions from TEM are
shown in Fig. 7. Most of the particles are between 3 and
5 nm with particles ranging up to 17 nm in the most heavily
loaded sample. Example micrographs of these three samples
are shown in Fig. 8.
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FIG. 4. Thermogravimetric weight loss and first derivative weight loss
curves for dried Rh/SiO, gels in an oxygen atmosphere: (a) pH 0.5, (b) pH
2.8, (c) pH 3.6, and (d) pH 8.8.

4. DISCUSSION

In the presence of excess water, the pH of the sol-gel
solution is the most important variable in determining the
final structure of silica gel. The effect of pH on the formation
of SiO, from TEOS has been extensively studied (13-15).
There are three reaction regimes depending upon the pH of
the sol: pH <2, 2 < pH <7, and pH > 7. In general, the
sol-gel reactions are:

=Si-OR + H,0 < = Si-OH + ROH
hyrolysis

TABLE 4
Effect of Metal Loading on the Physical Properties of Sol-Gel Rh/SiO,

Des. Rh ICP Rh BET area Pore vol. Avg. pore diameter d,*(nm)
Sample wt% wt% pH (m?/g) (ml/g) (nm) Dy (%) Dy’ TEM
RSS 0.5 0.41 32 601 0.49 38,5 45 2.0 3.8
RS3 1.0 0.74 3.6 590 0.44 38,6 60 1.5 1.7
RS6 1.5 0.89 2.9 482 0.50 3.8, 10 12 7.6 6.7

“d,, = metal particle size.

bd,, calculated from Dy assuming a 1:1 stoichiometry for Rh,.H and 7.6 Az per surface metal atom (12).
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FIG. 5. Thermogravimetric weight loss and first derivative weight loss
curves for dried Rh/SiO, gels in oxygen atmosphere: (a) 0.41 wt% Rh, (b)
0.74 wt% Rh, (c) 0.89 wt% Rh.

= Si-OR + = Si-OH« = Si-O-Si = + ROH

alcohol condensation

= SiOH + OH-Si = & =Si-0O-Si = + H,0

water condensation

AtapH < 2, the rate of reaction is proportional to [H*]. At
a pH of 2-7, the condensation rate is also relative to the
hydrolysis rate and is proportional to [OH ™]. Above a pH
of 7, the reaction mechanism is the same as for a pH of 2-7,
but the mechanism of particle growth is different. Instead of
forming a network by particle aggregation, the particles are
more highly condensed and grow through the addition of

TABLE 5
»Si Solid State NMR for Rh/SiO, Gels Prepared with Different
Designed Metal Loadings (R=10, pH ~ 3)

Des. Rh
Sample wt% Q2 (%) Qs (%) Q4 (%) Q4/Qs
SiO, 0 2.5 47.7 49.8 1.1
Si0,* 0 1.0 45.2 53.9 1.2
RS5 0.5 0.5 38.6 60.9 1.6
RS3 1.0 1.3 34.0 64.7 1.9
RS6 1.5 1.3 29.2 69.6 24

“Prepared without acetone.
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FIG. 6. Pore size distributions for Rh/SiO, catalysts prepared at
R =10 and pH 3: (a) 0.41 wt% Rh, (b) 0.74 wt% Rh, (c) 0.89 wt% Rh.

monomers. This results in lower surface areas and larger
pores than for gels obtained from the other two regimes.
The results for the silica gels prepared in this study at
different values of pH support the three-regime theory as
evidenced by the final physical properties of the gels and
2981 NMR spectra of the gel structure.

The support structure of the silica with supported Rh is
affected by pH in a similar way. The sample prepared at
a pH value of about 3.6 has a mesoporous structure that is
capable of stabilizing the dispersion of the supported metal
at temperatures up to 650°C (4). This is due to the physical
size match between the pore diameter and the particle size of
Rh. Other workers (1, 2) have found that the preparation of
sol-gel catalysts at a pH of 3-5 results in similar mesoporos-
ity, metal dispersion, and increased thermal stability.

The actual metal loading of the catalysts as measured by
ICP analysis is always less than the designed value. This is
typical for sol-gel catalysts prepared with acetylacetonates
(16). The sublimation temperature of Rh(acac); is 240°C
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FIG. 7. Particle size distributions obtained from TEM for Rh/SiO,
catalysts prepared at R = 10 and pH 3: (a) 0.41 wt% Rh, (b) 0.74 wt% Rh,
(c) 0.89 wt% Rh.

while its decomposition temperature is 280°C. This effect
results in some metal loss as evidenced by a Rh mirror that
was formed downstream of the microreactor after several
catalyst pretreatment steps.

The addition of acetone, a necessary step in the prepara-
tion of the Rh/SiO, by sol-gel, has a much more subtle
effect on the support structure in that it decreases the extent
of the condensation reaction through dilution and stabiliz-
ation of intermediate silicate species. The addition of
Rh(acac); has the opposite effect. From the thermal analysis
data, it is apparent that Rh(acac); remains intact through-
out the sol-gel reactions and does not decompose until the
catalyst is calcined at 280°C. Increasing the amount of the
metal precursor while maintaining a constant pH increases
the extent of condensation. Therefore, Rh(acac); is acting as
a catalyst which promotes the condensation reaction. A sim-
ilar catalytic effect has been noted by Zhang et al (17). In the

LAMBERT AND GONZALEZ

FIG.8. TEM micrographs of Rh/SiO, catalysts prepared at R = 10
and pH 3: (a) 041 wt% Rh, (b) 0.74 wt% Rh, (c) 0.89 wt% Rh. The
magnification used was 185 k and enlarged by a factor of 2.7.

preparation of CH3SiO3, gels from methyltriethoxysilane,
infrared suggested that the presence of Al(acac); in the
sol-gel mixture caused the formation of more stable linear
products and further polymerization of the precursor. The
mechanism by which the acetylacetonate does this is not
clear, but other workers have noted that Zn(acac), can act
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as a templating agent in the formation of aluminosilicates
by sol-gel, resulting in mesoporous materials (18). This was
explained by a complexation between the compound and
aluminum through keto-enol tautomerization. Rh(acac);
does not react chemically with metal oxide surfaces and is
only physisorbed in organic media (19, 20). In a study of the
degree of hydration of metal acetylacetonates, the distribu-
tion of the compounds between water and CCl, was mea-
sured (21). Rh(acac); was the least hydrated compound
because of its high electron density. Another study found
that some tri-acetylacetonates are capable of hydrogen
bonding to water and methanol (22). Rh(acac); is capable of
complexation with silicate intermediates and catalyzing the
condensation reaction.

5. CONCLUSIONS

In this study, the effect of pH and metal loading on the
properties of Rh/SiO, catalysts by sol-gel processing was
presented. The pH of the sol had the most significant effect
on the final silica support structure. A secondary effect of
solvent, in this case acetone, was a result of dilution and
polarity effects. The preparation of Rh/SiO, at a pH of
about 3 with excess water results in a mesoporous material
with a well-defined pore size distribution and high metal
dispersion. An increase in metal loading at constant pH
increases the degree of condensation of the silica support
due to a catalytic effect of Rh(acac); on the sol-gel polym-
erization reactions.
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