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Titania—Silica: A Model Binary Oxide Catalyst System

Robert J. Davis* and Zhufang Liu®

Department of Chemical Engineering, University of Virginia,
Charlottesville, Virginia 22903-2442

Received May 2, 1997. Revised Manuscript Received June 30, 1997®

Titania—silica mixed oxides are intriguing catalysts and catalyst supports since their
surface reactivities depend strongly on composition and homogeneity of mixing. In this
review, the synthesis, characterization, and catalytic activity of titania—silica are described,
and important structure/property relationships for these materials are emphasized.

I. Introduction

A major focus of current catalysis research is the
elucidation of critical structure/function relationships
for existing solid catalysts that can be subsequently
utilized in the rational design of new materials. These
studies necessarily combine expertise in materials
synthesis, characterization, and catalytic testing. Since
research of this nature is inherently interdisciplinary,
future advances in catalyst design will most likely result
from teams of researchers that bring a variety of skills
to the area. In this paper, we illustrate the importance
of all three facets of catalytic materials research (syn-
thesis, characterization, and testing) for titania-silica
mixed oxides, solids that have attracted considerable
attention as advanced materials, heterogeneous cata-
lysts, and catalyst supports. For example, silica glasses
containing trace quantities of Ti are used in fibers, films,
and optical mirrors since these materials exhibit very
low coefficients of thermal expansion over a wide
temperature range.n2 In addition, certain compositions
of the Ti—Si mixed oxides are active for acid-catalyzed
reactions such as phenol amination,? ethene hydration,?
butene isomerization,®~> cumene dealkylation,® 2-pro-
panol dehydration,® and 1,2-dichloroethane decomposi-
tion.” Other compositions of these materials are known
to be effective for selective oxidation reactions using
organic hydroperoxides as the oxygen source.® The
diversity of reactions catalyzed by titania-silica mixed
oxides makes this system ideal for fundamental studies
into the structure/function relationships necessary for
metal oxide catalysis.

Throughout the 1990s, our research group has inves-
tigated in detail the microstructural characteristics and
catalytic reactivity of a wide range of amorphous titania-
silica mixed oxides and this review summarizes most
of that collective work.®~11 Selected contributions from
other laboratories will be discussed in light of these
results.

The discovery of Ti-substituted silicalite molecular
sieve, TS-1, as a catalyst for selective oxidation reactions
with aqueous hydrogen peroxide!? was quite exciting
since water is detrimental to conventional titania-silica
catalysts and no environmentally undesirable side
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products are formed from hydrogen peroxide reactions.
However, the small size of the pores restricts the use of
TS-1 to reactions involving small molecules. Thus,
there is continuing interest in the synthesis of catalysts
with larger pore sizes in order to accommodate bulkier
molecules of importance for the production of fine
chemicals. Since an excellent review of crystalline
titanosilicate molecular sieves has been published re-
cently,’® we have not included a detailed discussion of
these materials. Instead, the physical and chemical
properties of TS-1 and analogous materials are com-
pared to those of amorphous titania-silica mixed oxides
when appropriate.

1. Synthesis of Ti—Si Mixed Oxides

The unique chemical and physical properties exhib-
ited by titania-silica binary oxides depend on both the
composition and the degree of homogeneity. Therefore,
strategies have been developed to synthesize the mixed
oxides in a uniform manner and typically include
coprecipitation,346 flame hydrolysis,* and sol—gel hy-
drolysis.’516  This review focuses on wet chemical
techniques only. By precisely controlling hydrolysis
conditions and drying procedures, high surface area
aerogels and xerogels with a wide variety of composi-
tions and pore structures can be synthesized.!’

We have prepared a series of Ti—Si mixed oxides by
simultaneous hydrolysis and condensation of metal
alkoxides by controlling the rate of addition of water to
a mixture of titanium isopropoxide and tetraethyl
orthosilicate (TEOS) in 2-propanol.® The resulting
coprecipitates were dried and subsequently calcined in
flowing air to give high surface area, microporous mixed
oxides. Micropores in these cohydrolyzed samples ranged
from 1 to 1.5 nm in diameter as determined from the
MP method. A summary of the compositions and
surface areas of the samples is presented in Table 1.
The microporous samples are denoted by their Ti:Si
atomic ratio throughout this review. Klein et al. have
prepared a similar set of mixed oxides by a sol—gel
route.’® In their study, hydrochloric acid was added to
the alkoxide solutions to catalyze the sol—gel process.
Calcination of their materials resulted in microporous
mixed oxides with pores ranging from 0.6 to 0.8 nm in
diameter.

An important problem associated with sol—gel syn-
thesis is the unequal hydrolysis rates of the precursor

© 1997 American Chemical Society



2312 Chem. Mater., Vol. 9, No. 11, 1997

Table 1. Surface Areas and Elemental Compositions of
Titania—Silicas®!!

sample Ti:Si atomic ratio surface area/m2 g1
TiO, 100
Ti:Si6:1 5.72:1 310
Ti;Si 1:1 1:1.08 450
Ti:Si 1:8 1:8.20 410
meso-TiSi—402 1:49 1052
meso-TiSi—202 1:66 1051
SiO; 390

a Dilute titania in MCM-41 type mesoporous silica. The numer-
ical values 40 and 20 refer to the nominal pore sizes associated
with different surfactants used during synthesis.

metal alkoxides. Alkoxides of Ti, e.g., isopropoxide or
butoxide, are typically hydrolyzed in water much faster
than the standard Si alkoxide, tetraethyl orthosilicate,
so separate titania-rich phases may form during syn-
thesis. This problem can be mitigated by prehydrolyz-
ing the TEOS before adding the titanium alkoxidel519
and by controlling the acidity/basicity of the medium.15
Miller et al. compared directly the effects of prehydro-
lyzing the TEOS with small amounts of water and nitric
acid before adding titanium butoxide.?° Removal of the
alcohol solvent was accomplished by extraction with
supercritical carbon dioxide. Evidence from their char-
acterization methods indicated that prehydrolysis of
TEOS results in better atomic-level mixing of the Ti and
Si components. They suggested that silica-rich patches
can cover titania-rich cores when the mixed oxides are
prepared without prehydrolysis of the TEOS. Dutoit et
al. adjusted the reactivity of the Ti alkoxide by modify-
ing titanium isopropoxide with acetylacetone.?® This
modified Ti precursor was then cohydrolyzed with
tetramethyl orthosilicate in the presence of alcohol,
water, and hydrochloric acid. Again, characterization
results of the dried materials verified that excellent
atomic-level mixing can be accomplished with this
synthesis method.

A rather innovative synthetic method for producing
well-mixed titania-silica was reported recently by Miller
et al.22 They chose to use diethoxysiloxane—ethyltitan-
ate copolymer as a cation source since the Ti—O—Si
linkage is already present in the precursor. After
gelation, supercritical drying and calcination, the re-
sulting titania-silica sample (6.25% titania) had a
specific surface area of 840 m? g~! and a pore volume of
3.0cm3g~L. Preliminary characterization experiments
suggested that the Ti—O—Si linkages were preserved
in the final product. This synthetic route avoids the
problems associated with unequal hydrolysis rates of
metal alkoxide precursors often used to prepare mixed
oxide catalysts.

Drying conditions can profoundly influence the re-
sulting porosity and homogeneity of titania-silica mixed
oxides. Dutoit et al. directly compared the effects of
conventional drying, high-temperature supercritical
drying, and low-temperature semicontinuous supercriti-
cal extraction with carbon dioxide on the properties of
Si-rich titania-silica.?! Conventionally dried materials,
or xerogels, were mostly microporous and had excellent
dispersion of titania into silica. High-temperature
supercritical drying of the samples formed meso- and
macroporous materials, called aerogels, that partially
segregated to form anatase titania. The aerogels formed
by low-temperature extraction of solvent with super-
critical carbon dioxide showed excellent atomic level
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mixing of components and very high surface areas.
However, some microporosity was formed by this method.

Uniformly mesoporous, Si-rich mixed oxides can also
be synthesized by procedures similar to those used for
preparing MCM-41 mesoporous silicas,?® but including
a titanium source in the synthesis mixture. Corma et
al. used IR spectroscopy, X-ray diffraction, UV spec-
troscopy, and catalytic testing to show that Ti from an
ethoxide precursor incorporates into an MCM-41 silica
templated by quarternary ammonium salts.?* Simi-
larly, Pinnavaia’s group?>26 and Gontier and Tuel?” used
alkylamines as the surfactants in the synthesis of
mesoporous silica molecular sieves containing small
amounts of titania. Our work in this area essentially
follows the procedures outlined by Corma et al.’* For
example, a surfactant like hexadecyltrimethylammo-
nium chloride is first combined with an ammonium
hydroxide solution. In a separate flask, tetramethy-
lammonium hydroxide is added to a solution of tetram-
ethylammonium silicate. After the two mixtures are
combined, fumed silica is added. Finally, titanium
ethoxide is added dropwise under stirring to produce a
synthesis gel with a nominal loading of 2 mol % Ti. After
aging, the solids are filtered, washed, and calcined in
flowing air. The isotherms for these mesoporous mixed
oxides are similar to those reported previously for MCM-
41 type materials.?2>28 Table 1 contains entries for two
mesoporous Ti—Si mixed oxides, meso-TiSi-20 and
meso-TiSi-40. They were prepared with two different
sized surfactant molecules in order to give materials
with nominal pore sizes of 20 and 40 A, respectively.

A novel postsynthetic modification of mesoporous
silica (MCM-41) with a Ti metallocene complex results
in extremely high dispersion of Ti atoms on the surfaces
of silica.?® The intriguing aspect of this material is that
all of the Ti atoms are isolated surface atoms. Appar-
ently, the metallocene precursor prevents the formation
of oligomeric titano—oxo species that lead to a separate
titania phase, which is commonly observed with meth-
ods employing Ti chlorides or alkoxides.

I11. Structural Evaluation of the Materials

A necessary first step in materials characterization
is the determination of bulk structure. Even though
catalysis is a surface phenomenon, insights derived from
bulk analysis of solid catalysts often prove to be very
useful. Indeed, many of the titania—silica materials
discussed in the literature have extremely high surface
areas, thus exposing a significant fraction of their atoms.
In those cases, bulk analyses may provide some direct
evidence for surface structures that may be important
for catalysis.

An obvious tool for bulk structural characterization
of titania-silicas is X-ray diffraction. However, in most
cases, these materials are highly disordered and X-ray
amorphous. Therefore, techniques that probe local
structure around nearest-neighbor and next-nearest-
neighbor atoms are the most effective. Spectroscopic
tools have been applied with great success to the titania-
silica system. These techniques include X-ray, ultra-
violet, infrared, and nuclear magnetic resonance
spectroscopies. Each technique provides unique and
complementary information that can be combined to
provide a fairly complete description of the solids.
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Figure 1. Ti K edge XANES for Ti oxides and Ti—Si mixed
oxides. Reprinted with permission from ref 9.

Results from each technique applied to titania-silica will
be discussed separately below.

X-ray Absorption Spectroscopy. 1. X-ray Absorp-
tion Near-Edge Structure (XANES). The easy acces-
sibility of the Ti metal K edge (4966 eV) at most
synchrotron radiation facilities makes X-ray absorption
spectroscopy an ideal method for probing local structure
around the Ti component of the mixed oxide catalysts.
The X-ray absorption near-edge spectrum at the Ti K
edge contains several well-defined preedge peaks that
are related to the local structure surrounding Ti. After
studying a wide range of Ti-containing minerals, Way-
chunus concluded that it may be possible to arrive at
the Ti site symmetry solely from the near-edge struc-
ture.3° In Figure 1, crystalline titanias, anatase, and
rutile exhibit three small preedge peaks, which are
assigned to transitions (in order of increasing energy)
from the 1s core level of Ti to 1ty 2ty;, and 3ey
molecular orbitals.* The intensities of these preedge
features are a strong function of the distortion of the
oxygen octahedron around the central absorbing Ti
atom. For example, the variation in Ti—O bond dis-
tances is greater in rutile than in anatase, which
distorts the regular octahedral coordination of Ti,
resulting in slightly more intense preedge features for
rutile. On the other hand, tetrahedrally coordinated Ti
materials exhibit a single, intense, preedge peak since
a regular tetrahedron lacks an inversion center.*
Therefore, the relative intensities of the preedge fea-
tures can be a sensitive measure of the local coordina-
tion environment around an average Ti atom. Unfor-
tunately, a 5-coordinated titanium material such as
fresnoite also exhibits a strong preedge feature, thus
complicating the interpretation. Therefore, conclusions
derived from analysis of the preedge region must be
corroborated by evidence from additional techniques.

The near-edge spectra associated with Ti—Si mixed
oxides prepared in our laboratory are compared to those
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Figure 2. Ti K edge XANES for TS-1 and Ti-f molecular
sieves. All energies are referenced the first inflection point in
the Ti foil K edge [adapted from ref 31].

of anatase and rutile in Figure 1. The formation of
anatase is indicated by the near edge region of TiO;
prepared by hydrolysis of Ti alkoxide, and X-ray dif-
fraction of this sample revealed broad lines at diffraction
angles corresponding to anatase with no evidence of
rutile formation. As silicon is incorporated into the
mixed oxides, a single preedge feature begins to domi-
nate the other weaker features. For example, little
structure is present in the preedge region of Ti:Si 1:8
except for a single preedge peak.

At low Ti contents, Ti may substitute directly for Si
in the tetrahedral SiO, framework. Figure 2 shows the
analogous near edge spectra for TS-1 and Ti-3, molec-
ular sieves in which Ti atoms partially replace Si atoms
in regular tetrahedral framework sites.3* Clearly, the
preedge peaks for the mixed oxides are not as intense
as that expected for Ti in a completely tetrahedral
environment, but instead are consistent with the pres-
ence of either 5-coordinated Ti or mixtures of 4-, 5-, and
6-coordinated Ti.

Since the specific surface areas of Ti—Si mixed oxides
are often very high, a significant fraction of the Ti atoms
may be exposed to the surface. Therefore, in situ
dehydration of the samples may reveal a substantial
change in coordination as detected by XANES. Figure
3 illustrates the effect of removing water from the
surfaces of a mixed oxide that is fairly dilute in Ti. The
large preedge feature in the dried sample indicates that
the majority of Ti occupies sites of tetrahedral sym-
metry, as expected for samples in which Ti substitutes
directly for Si in the mixed oxide. Apparently, adsorbed
water disrupts the regular tetrahedral geometry associ-
ated with the dehydrated sample. No change was seen
in the preedge region of a titanium-rich sample after
dehydration, presumably because most Ti atoms reside
in bulklike octahedral sites.

The extent of reduction of Ti** to Ti®* can be assessed
from the positions of the preedge peaks. A comparison
of the XANES for compounds containing either Ti3* or
Ti** reveals an average shift of 2.0 eV to higher energies
for features associated with Ti4* compounds relative to
Ti%* compounds.® In our work, we found no significant
shifts in spectral features to indicate the presence of
Ti®*. Most of the Ti in those samples remained in the
4+ oxidation state, which is consistent with earlier work
on Ti-substituted silica glasses.14
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Figure 3. Effect of dehydration on the Ti K edge XANES in
Ti:Si 1:8 mixed oxide: (a) sample in ambient air; (b) sample
dehydrated at 573 K for 3 h in flowing He. Reprinted with
permission from ref 9.

As mentioned above, the coordination environment of
Ti cannot be unambiguously determined solely from the
intensity of the preedge peak since 5-coordinated Ti can
also produce a significant preedge feature. However,
attributing the preedge feature in Figure 3b to tetra-
hedrally coordinated Ti is justified by results from other
techniques that will be discussed later. Greegor et al.
studied a series of TiO,—SiO; glasses containing very
low levels of Ti by X-ray absorption spectroscopy and
correlated the fraction of Ti atoms occupying tetrahedral
environments with preedge peak area.* Comparison
of their spectra with Figure 3b reveals that approxi-
mately 70% of the Ti atoms in dehydrated Ti:Si 1:8
reside in tetrahedral sites.

2. Extended X-ray Absorption Fine Structure
(EXAFS). The EXAFS region of the X-ray absorption
spectrum provides complementary structural informa-
tion on the local environment surrounding Ti. A Fourier
transform of the EXAFS data gives a radial structure
function, RSF, surrounding an average Ti atom. Since
the reported RSF is often not corrected for phase shifts,
the actual values of interatomic distances are calculated
from curve fits to standard materials. Figure 4 com-
pares the RSF of TiO; with that of Ti atoms diluted in
silica. The large peak in the radial structure functions
indicates the Ti—O first-nearest-neighbor coordination
shell. Shortening of the average Ti—O bond distance
in the mixed oxide is readily apparent from a compari-
son of the radial structure functions of TiO, and Ti:Si
1:8 shown in Figure 4. Anatase titania has a known
average Ti—O bond distance of 1.95 A. Curve fitting of
the EXAFS results in Figure 4 provide an interatomic
distance of 1.82 A for Ti atoms diluted in silica,® which
compares favorably with 1.80 A for tetrahedrally coor-
dinated Ti in titanium silicalite molecular sieve,32 1.81
A for Ti substituted in Al-free zeolite B3tand 1.79—-1.84
A for Ti in doped silica glasses.14:3334 Sandstrom et al.
investigated the variation in metal—oxygen bond dis-
tances as a function of 4- and 6-fold coordination in Ti
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Figure 4. Comparison of radial structure functions not
corrected for phase shifts (a), and Fourier filtered EXAFS
functions (b), for Ti:Si 1:8 (solid lines) and synthesized TiO,
(dotted lines). Reprinted with permission from ref 9.

Table 2. Effect of Composition on Ti—O Interatomic
Distances Derived from the Ti K Edge EXAFS of Ti—Si
Mixed Oxides®

sample Ti/Ti + Si RIA
TiO, 1 1.94
Ti:Si 6:1 0.85 1.91
Ti:Si 1:1 0.48 1.88
Ti:Si 1:8 0.11 1.82
meso-TiSi—20 0.015 1.79

and Ge materials and discovered that a short bond
distance (1.82 A for Ti—O) corresponds with the cation
residing in a tetrahedral environment.3® In a separate
study, Pei et al. compiled a list of the average Ti—O
interatomic distances in compounds with titanium in
various states of coordination.32 The average bond
distance in compounds with Ti in 6-fold coordination is
about 1.96 + 0.01 A, excluding MgTiO3z which presents
an anomalously short average distance of 1.85 A. The
average Ti—O bond distance in 5-coordinated fresnoite
is 1.92 A, whereas the average bond distance of 4-co-
ordinated compounds is 1.79 £ 0.02 A.32 Neurock and
Manzer used density functional methods to calculate a
Ti—O bond distance of 1.81 A in a tetrahedral cluster.35
Clearly, the value of 1.82 A reported for the Ti—O bond
distance in Ti:Si 1:8 mixed oxide is consistent with a
majority of the Ti atoms residing in a tetrahedral
environment, which corroborates the similar conclusion
from XANES. As shown in Table 2, a fairly linear
variation in Ti—O bond distance with titanium content
is observed. As the titanium content decreases, the
average first-shell interatomic distance changes from
1.94 to 1.82 A. A very dilute sample of Ti substituted
into mesoporous MCM-41 silica (meso-TiSi-20 in Table
2) also exhibits a short Ti—O bond distance, consistent
with isomorphous substitution of Ti atoms into tetra-
hedral sites.!!

The higher shell peaks appearing between 2 and 4 A
in the RSF of TiO, (Figure 4) are absent in the mixed
oxide. Schultz et al. attributed the lack of higher shells
in the RSF of Ti-substituted ZSM-5 to a large distortion
of the structure near the Ti sites.3® The lack of large
higher shell peaks is also expected if Si atoms replace
Ti atoms in the second coordination shell; silicon back-
scatters the photoelectron wave less effectively than
higher Z elements such as Ti.

The combined results from XANES and EXAFS
provide valuable information on the local environment
around Ti in the mixed oxides. The experiments show
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Figure 5. Normalized absorption spectra derived from UV
diffuse reflectance spectroscopy of (a) rutile, (b) Ti:Si 6:1, (c)
Ti:Si 1:1, (d) Ti:Si 1:8, and (e) Ti:Si 1:8 dehydrated in vacuum
at 523 K for 5 h. Reprinted with permission from ref 9.

convincingly that, in Ti-rich mixed oxides, coordination
of Ti atoms is octahedral, similar to the bonding in pure
titania. In Si-rich oxides, the coordination of Ti atoms
is mostly tetrahedral, similar to the bonding in Ti-
substituted molecular sieves. The coordination environ-
ments around Ti atoms in oxides of intermediate
compositions cannot be determined from these methods
but most likely consist of mixtures of 4-, 5-, and 6-fold
sites.

Ultraviolet Diffuse Reflectance Spectroscopy.
Results from X-ray absorption spectroscopy verified that
the oxides were indeed mixed at the molecular level
since the coordination environment of Ti is dramatically
affected by elemental composition. However, complete
isolation of the Ti atoms cannot be achieved throughout
the composition range. Thus, small domains of titania
or Ti-rich mixed oxides must be present in some of the
materials.

Ultraviolet spectroscopy has been utilized to charac-
terize the bulk structure of crystalline and amorphous
titania-silicas.?” Titania is a semiconductor oxide with
an easily measured optical bandgap. Ultraviolet diffuse
reflectance spectroscopy is used to probe the band
structure, or molecular energy levels, in the materials
since UV excitation creates photogenerated electrons
and holes. The UV absorption threshold is a strong
function of titania cluster size for diameters less than
10 nm, which can be attributed to the well-known
guantum size effect for semiconductors.2®8 Our group
has previously used the quantum size effect to ap-
proximate the average crystallite size of titania clusters
supported on VPI-5 molecular sieve,?® and the same
reasoning can be used to estimate the size of titania-
like domains in Ti—Si mixed oxides.

Normalized absorption spectra derived from UV
reflectance data are presented for representative tita-
nia-silica samples in Figure 5. The position of the
absorption edge for rutile corresponds to its known
bandgap energy of 3.0 eV (410 nm). The UV absorption
edge for the Ti:Si 6:1 sample overlaps the spectrum of
pure anatase (not shown), which is shifted by about 30
nm from rutile to 380 nm. As the content of Si in the
mixed oxides increases, the UV absorption edge shifts
to higher energies. The absorption edge in the most Si-
rich mixed oxide, Ti:Si 1:8, is blue-shifted by about 45
nm relative to the edge in the most Ti-rich mixed oxide,
Ti:Si 6:1.
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Earlier results from UV absorption spectroscopy of a
titanosilicate molecular sieve revealed an absorption
peak at 212 nm with the midpoint of the absorption edge
at 260 nm.*° In that material, Ti substitutes directly
for Si in the SiO44 tetrahedra, and the concentration
of Ti is so low that virtually no Ti—O—Ti linkages are
present. Therefore, the observed UV absorption peak
is attributed to molecular excitations of isolated TiO4*~
units instead of excitations within the fully developed
titania band structure. Results from UV reflectance
spectroscopy of 2 wt % titania in mesoporous silica
overlap those of TS-1 indicating that, at very low weight
percents, Ti atoms can reside in an amorphous silica
matrix with few or no Ti—O—Ti linkages.!!

In the spectrum of Ti:Si 1:8 (dehydrated), the absorp-
tion edge was about 50 nm greater than the absorption
edge in titanosilicate molecular sieves, indicating that
small microdomains of titania must exist in the sample.
Using the hyperbolic band model of Wang et al.*! for
spherical particles and assuming that the effective
masses of the photogenerated hole and electrons are my*
= 3me and mg* = 20m,, respectively (me is electron
mass),*243 we estimate the titanium oxide domain in the
dehydrated Ti:Si 1:8 sample is 1 nm (10 A) in diameter.
This calculation is based on the blue-shift of the UV
absorption edge in Figure 5e from the bulk phase rutile
spectrum in Figure 5a. Since the coordination environ-
ments and interatomic distances of the Ti microdomains
in Ti:Si 1:8 are fundamentally different from rutile (and
anatase), the calculation of domain size based on a
quantum size effect relative to rutile is only a rough
approximation at best.

Most of the Ti atoms in the small domain of a silica-
rich sample must form Ti—O—Si linkages rather than
Ti—O—Ti linkages, which is consistent with the results
from X-ray absorption spectroscopy. The Ti domains
grow progressively larger with increasing Ti content in
the mixed oxides which is indicated by the shift of the
absorption edges to longer wavelengths.

Vibrational Spectroscopy. Techniques such as
X-ray and UV spectroscopies are useful for determining
electronic and atomic structural information of mixed
oxides. However, longer wavelength spectroscopies
reveal how atomic-level mixing of titania and silica
perturbs the normal vibrational modes of the solids.

1. Laser Raman Spectroscopy. The laser Raman
spectra of anatase, rutile, and some representative
mixed oxides are shown in Figure 6. The mixed oxides
reveal three main features that appear in regions
associated with both anatase and rutile and two peaks
that appear at very low wavenumbers (310 and 238
cm~1). In addition, the titania bands in the mixed
oxides are much broader and are shifted from the peak
positions of the reference materials. Since no Raman
peaks were observed in either Ti:Si 1:8 or pure silica,
all of the peaks shown in Figure 6 were attributed to
the Ti component of the mixed oxide.

The Raman feature at 640—650 cm™! is present in
most of the mixed oxide samples but decreases in
intensity relative to the 430 cm~1 peak with decreasing
Ti content. The same decrease in relative intensity is
also observed for the band at 530—540 cm~1, and both
bands appear to be broadened peaks of anatase shifted
to greater wavenumbers by 10—20 cm~!. The band at
430—440 cm~! becomes the dominant band as the Si
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Figure 6. Laser Raman spectra of (a) pure titanium dioxides
and (b) Ti—Si mixed oxides. Reprinted with permission from
ref 9.

content increases and is the only band (although very
weak) in the Ti:Si 1:5 sample. The 430—440 cm~! band
could be either a rutile peak shifted by about 10 cm™1
to lower wavenumbers or an anatase peak shifted by
about 30 cm~! to greater wavenumbers. However, even
though we favor assignment of this peak to an anatase-
like domain, we could not confidently attribute the 430—
440 cm~! feature to either crystal phase. Previous
Raman studies of Ti—Si mixed oxides have attributed
this band to Si—O—Si and O—Si—0O bending vibra-
tions,151° put that assignment is inconsistent with the
fact that the peak is fairly intense in Ti-rich samples.

The same set of peaks has been observed for nano-
phase titania clusters supported inside the channels of
VPI-5 molecular sieve, but in that study the 430 cm™?
band was attributed to the molecular sieve.®® The
broadening and shifting of the anatase peaks at 540 and
670 cm™! in the supported nanophase titania clusters
were attributed to a deficiency of oxygen in the clusters.
Raman spectroscopy of nanophase TiO, clusters, pre-
pared by gas-phase condensation and oxidation of Ti,
revealed that peaks are broadened and shifted by 10—
20 cm~! upon removal of a small amount of oxygen to
give TiOyg3.***® Since the incorporation of Si in the Ti—
Si mixed oxides greatly disturbs the octahedral coordi-
nation environment of Ti, it is reasonable to postulate
that the Raman shifts observed in this work result from
small changes in the average oxygen content in the
titania microdomains. Another plausible explanation
can also be proposed.® Arashi has studied the effects
of applied pressure on the Raman spectrum of rutile and
found that the peak positions at 446 and 608 cm™!
increase linearly with pressure up to about 500 and 660
cm™1, respectively, at 10 GPa.*® The shortening of the
average Ti—O bond distance in the mixed oxides may
have the same effect on the solid vibrational modes as
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Figure 7. FT-IR absorption spectra of Ti—Si mixed oxides.
Reprinted with permission from ref 9.

applied pressure and thus could account for the shift
in the anatase-like bands upward compared to the pure
oxide.

The low wavenumber peaks in the mixed oxide at 310
and 238 cm™! have been assigned by Schraml-Marth et
al.® as titania lattice modes that become Raman active
only after crystallite dimensions are reduced to less than
30 nm, which is consistent with the small size of the
titania domains in the samples determined from the
shifts in the UV absorption spectra. In addition, by
studying nanophase titania particles, Melendres et al.
found that a 240 cm™! band present in some rutile
preparations is likely due to a second-order scattering
process or latent anharmonicity.*

2. Infrared Absorption Spectroscopy. The low-wave-
number region of the IR absorption spectrum has been
used extensively to characterize Ti—Si mixed oxides and
Ti-substituted molecular sieves. Example spectra of
Ti—Si mixed oxides are given in Figure 7. The silica-
rich sample, Ti:Si 1:8, exhibits the symmetric stretching
vibration band at 807 cm~! and the asymmetric vibra-
tion band at 1090 cm™! of the tetrahedral SiO,*
structural unit. The broad absorption feature for Ti:Si
6:1 centered at about 550 cm™! is representative of
titanium dioxide. An additional feature, depicted with
arrows in Figure 7, appears with the greatest intensity
in Ti:Si 1:8. The position of this band is ~935 cm~1 in
the 1:1 sample and ~955 cm~? in the 1:8 sample. The
pure silica sample has a very small peak in this region,
which is assigned to the stretching vibration of free
silanol groups at the surface.’®> A large increase in the
relative peak intensity of the ~960 cm™! band is seen
in the 1:8 sample and is often used as evidence for Ti
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Figure 8. 2°Si single-pulse MAS NMR spectra with peak
deconvolution and curve fitting (dotted line) for pure silica and
microporous Ti—Si mixed oxides.'?

incorporation into the silica lattice. Indeed, some
researchers have used this band to quantitatively assess
the degree of Ti—O—Si heterolinkages in titania-silica
samples.?! However, pure silica can have a significant
IR absorption band in this region.*® Since the 960 cm~1
band results from both Ti—O—-Si and Si—O~ contribu-
tions, use of this band for quantitative analysis is
questionable.

29Si MAS NMR Spectroscopy. The results from
X-ray, UV, and Raman spectroscopies provided informa-
tion on the local structure of the Ti component of the
binary oxides. Infrared spectroscopy was the only bulk
technique discussed so far that provided some insights
into the effect of mixed oxide formation on the charac-
teristics around Si atoms. The best tool for elucidating
the connectivity of silicon atoms in solid oxide materials
is probably silicon NMR spectroscopy.

Figures 8 and 9 show the 2°Si single pulse (SP) and
IH—-29Sj cross-polarization (CP) solid-state MAS NMR
spectra with peak deconvolution and curve fitting for
pure silica and microporous Ti—Si mixed oxides. The
SP SiO; spectrum clearly exhibits three well-resolved
Gaussian peaks at chemical shifts of —109.2, —99.8, and
—91.7 ppm, which can be assigned to Q* [Si(SiO),], Q3
[Si(SiO)3(OH)], and Q? [Si(SiO),(OH),] structural units,
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Figure 9. 'H—2%Si cross-polarization MAS NMR spectra with
peak deconvolution and curve fitting (dotted line) for pure
silica and microporous Ti—Si mixed oxides.'*

respectively.*® The relative amounts of these different
structural sites are derived from the integrated areas
of the single pulse peaks. As Figure 8 shows, Q* sites
are dominant in pure silica, indicating that the sample
has a well-developed three-dimensional framework.
About 19% of the Si nuclei are directly bonded to
hydroxyl groups, which is consistent with the enhance-
ment of the Q3 and Q2 signals relative to Q* under the
CP condition. Previous work on silica gels and silicates
has shown that the most likely candidates for TH—2°Si
cross polarization are hydrogens in SiOH groups,4°:50
even though the hydrogens of adsorbed water could
contribute to the enhancement under certain conditions.
The spectra of Ti:Si 1:8 exhibit features similar to those
of the synthesized silica, as shown in Figures 8 and 9.
However, the relative number of Q* sites decreased,
while Q3 and Q2 sites increased. Walther et al. also
observed similar features in their study of mixed
oxides.1® As silica was chemically mixed with titania,
the three-dimensional framework of silica, and the
microstructure surrounding the silicon atoms, were
significantly perturbed by Ti atoms. However, care
must be exercised when discussing the effect of Ti on
the spectrum. After studying the ternary silicate glass
SiO,—Ti0,—Zr0O,, Wies et al. found that —OH and —OTi
groups have a similar influence on the chemical shift
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of the central Si atoms,>! which complicates the inter-
pretation of the spectrum. This problem can be circum-
vented by comparing both the single pulse and cross-
polarized spectra of the Ti—Si mixed oxides with those
of the pure silica. As shown in Figure 8, the amounts
of Q3 and Q2 groups increase with increasing Ti content.
If the only non-Si atoms in the Q% and Q2 groups were
H atoms, then the signals for these groups in the spectra
of the mixed oxides would be enhanced by the tH—2°Si
CP procedure in a similar manner as pure silica.
Instead, as a comparison of Figures 8 and 9 indicates,
the enhancement factors for the intensities of the Q3
and Q? sites of the spectra of the mixed oxides are much
less than those for the silica. Therefore, H atoms are
not the only non-Si atoms in the Q2 and Q2 in the mixed
oxides. Evidently, some Si atoms in the second shell
were replaced by Ti atoms, indicating that Si—O—Ti
bonds were generated upon the chemical mixing. This
finding is completely consistent with structural studies
on these materials described above.

Summary of Results from Bulk Characteriza-
tion. A consistent picture of the bulk structure of
amorphous Ti—Si mixed oxide materials emerges from
the combined results of all the techniques. Wet chem-
istry synthesis from alkoxide precursors produces well-
mixed binary oxides. As the silicon content of the mixed
oxide increases, the titania domain size decreases and
the average Ti—O bond distance shortens, indicating
that many of the Ti atoms change from octahedral
coordination to tetrahedral coordination. However, the
Ti atoms may not be completely isolated in the silica-
rich mixed oxides but likely exist in small microdomains
with some Ti—O—Ti linkages. At very low concentra-
tions, Ti atoms in silica appear to be well-isolated and
tetrahedrally coordinated like the Ti atoms in TS-1
molecular sieve.

IV. Surface Characterization

Characterization of the mixed oxide surface is neces-
sary for understanding catalysis over these materials.
Unfortunately, observed surface features are often
unrelated to active catalytic sites, since these sites may
occupy only a small fraction of the surface and many
characterization techniques are not capable of inter-
rogating surfaces under reaction conditions. Modern
electron spectroscopies have provided a wealth of fun-
damental information on the surface structure of metals
and single-component metal oxides. However, the high
porosity and complex nature of many mixed oxides
hinder the application of standard surface science
techniques. In the next section, results from spectro-
scopic and temperature-programmed methods will be
used to derive information on the nature of titania-silica
mixed oxide surfaces.

X-ray Photoelectron Spectroscopy. Information
on the surface composition and electronic structure of
mixed oxide components can be derived from X-ray
photoelectron spectroscopy. A recent XPS study of
titania-silica mixed oxides revealed that Si is preferen-
tially located at the surfaces of Ti-rich mixed oxides,
which may account for their relatively high surface
areas.®? Indeed, the tripling of surface area upon silica
incorporation into titania (shown in Table 1) supports
the idea that silica preferentially locates at the surfaces
of titania-rich mixed oxides and prevents sintering. A
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Table 3. Comparison of Surface and Bulk Compositions
of Ti:Si Mixed Oxides

Ti/(Ti + Si) Ti/(Ti + Si)
sample from XPS from bulk analysis
Ti:Si 6:1 0.32 0.85
Ti:Si1:1 0.35 0.48
Ti:Si 1:8 0.11 0.11
Ti:Si 1:18 0.049 0.051

summary of the elemental compositions of Ti:Si mixed
oxides determined from bulk analysis and XPS of our
samples is presented in Table 3. Silicon clearly enriches
the surfaces of the Ti-rich mixed oxide, which is
consistent with previous studies.>> Since Si cannot
isomorphously substitute into the titania crystal struc-
ture, addition of small amounts of silica to titania
creates a highly defective interface which results in a
high surface area mixed oxide. The bulk and surface
compositions of the Si-rich materials shown in Table 3
are the same. Apparently, isomorphous substitution of
Ti for Si accounts for the excellent distribution of Ti
throughout the sample.

The core level binding energies of the elements also
provide insights into the degree of atomic level mixing.
However, values of binding enegies should be reported
and interpreted with great care. Since pure titania is
a semiconductor whereas pure silica is an insulator, the
degree of differential charging on small particles will
be a function of composition. For highly siliceous
materials such as TS-1, a common method for charge
correction is to assign the Si 2p core line to that of pure
silica and adjust the Ti core-level binding energies
appropriately. Unfortunately, a constant binding en-
ergy for Si core levels cannot be assumed for Ti—Si
mixed oxides that span the entire composition range.
Another method for charge referencing involves the
evaporation of small metal particles onto the oxide
surfaces. Assuming that the metal particles charge
identically to the support oxide during an XPS experi-
ment, core levels of the supported metal may be used
for charge correction. However, Schottky barrier effects
may influence the observed energies. Carbon impurities
resident on samples can also be used to assess the level
of charging on insulator samples. Figures 10 and 11
show the effects of composition on the binding energies
of Ti and Si 2p core levels. Sample charging was
minimized with an electron flood gun, and charging
effects were corrected for by assigning the C 1s peak to
284.5 eV.5® As illustrated in Figures 10 and 11, the Ti
2p and Si 2p binding energies increase with addition of
Si to the mixed oxides. The change in binding energy
over the entire composition range is small (~1.5 eV) but
clearly discernible. Comparable core level shifts have
also been reported for a series of Ti—Si mixed oxide
photocatalysts.3” Lassaletta et al. have studied titania
samples by XPS using different sample preparation
methods, including titanium evaporation in the presence
of oxygen onto silica, oxidized silicon, or single-crystal
graphite.>* An increase in the Ti 2p binding energy by
0.7 eV was realized for small titania particles on silica
compared to bulk titania, whereas no effect of particle
size was found for titania on graphite. Thus, the
titania-silica interface was speculated to be the most
important parameter in those XPS experiments. Real-
izing that the binding energy shift is a combination of
the initial state charge distribution and the extra-atomic
relaxation of the photohole, Lassaletta et al. suggest
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Figure 11. XPS of Si 2p core level of titania-silica mixed
oxides.

that changes in the relaxation energy dominated the
observed Ti 2p binding energy shift. If the oxygen
atoms at the Ti—O-Si interface are less polarizable
compared to those of bulk titania (which is expected
based on the bulk dielectric constants of titania and
silica), then the photoelectrons created by excitation of
Ti at the titania-silica interface will be less effectively
screened. The possible change of coordination environ-
ment around Ti from octahedral to tetrahedral at low
Ti loadings should also affect the binding energies of
the Ti core levels. Nevertheless, results from XPS of
titania-silica mixed oxides shown in Figures 10 and 11
are consistent with a high degree of mixing near the
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Figure 12. Hydroxyl region IR spectra of Ti—Si mixed oxide
samples. All of the samples were treated in situ before
acquisition of spectra.?

surface regions of the samples, which is completely
consistent with bulk phase characterization results.

Infrared Spectroscopy. Infrared spectroscopy pro-
vided important information on the lattice vibrations
of the mixed oxides as discussed earlier. Surface
sensitive information can be derived from this technique
if the surface O—H stretching region is examined and
if molecular adsorbates are probed.

Pure silica and silica-rich Ti—Si mixed oxide exhibited
a single, high wavenumber peak at 3740 cm™1 associated
with isolated surface hydroxyl, or silanol, groups.%®
Pure titania and titania-rich mixed oxide revealed
additional peaks at lower wavenumbers (3716, 3666,
and 3640 cm™1). These features are illustrated in Figure
12. Primet et al. observed multiple bands on anatase
(3715, 3665 cm™1) and on rutile (3685, 3655 cm™1), and
assigned the low-wavenumber band to hydrogen-bonded
hydroxyl groups and the high-wavenumber band to
isolated hydroxyl groups.5® However, others have at-
tributed the high-wavenumber band on titania to a silica
impurity in the sample.5557

The hydroxyl region for the mixed oxides is greatly
perturbed by the adsorption of ammonia.l® The spec-
trum for ammonia on titania exhibits broad bands at
3356 and 3280 cm~! with shoulders at 3400 and 3190
cm~L. The spectrum for Ti-rich mixed oxide has broad
bands 3348, 3248, and 3183 cm~1, whereas the spectrum
for the silica-rich sample reveals only two well-defined
bands at 3374 and 3285 cm~!. Primet et al.58 and Dines
et al.%® observed four bands in the NH stretching region
of the IR spectrum of ammonia adsorbed on titania.
They assigned the four bands to the symmetric and
asymmetric stretches of ammonia adsorbed on two
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Figure 13. Low-wavenumber IR spectra of ammonia ad-
sorbed on Ti—Si mixed oxides.'®

different types of Lewis acid sites. Likewise, the
multiple bands associated with titania and Ti-rich
mixed oxides suggest that more than one type of Lewis
acid site is present on the surfaces. Only a single type
of Lewis acid interaction with ammonia is observed on
our silica-rich mixed oxide.1°

The low-wavenumber region from 1700 to 1300 cm™?
is useful for evaluating the number densities of Lewis
and Bronsted acid sites on the mixed oxide surfaces.
Figure 13 shows the two well-resolved peaks associated
with ammonia adsorbed on a surface cation, or Lewis
acid site (1605 cm~1), and the ammonium ion resulting
from adsorption on a Bronsted site (1430 cm™1). The
Bronsted peak areas cannot be directly compared to the
Lewis peak areas without also considering the different
extinction coefficients. The IR spectrum of ammonia on
pure titania indicates that only Lewis acid sites are
accessible for ammonia adsorption. Apparently, the
hydroxyl groups on pure titania are not able to proto-
nate ammonia under the conditions of that study. The
large difference in the areas of the peaks at 1605 cm™!
for titania and Ti:Si 6:1 indicates that a relatively small
amount of silica suppressed a major fraction of the
Lewis acid sites normally associated with titania. These
results are consistent with elemental compositions
determined by XPS that indicate silica enrichment at
the surface.

Desorption of ammonia at higher temperatures was
also monitored by IR spectroscopy.’® Almost no am-
monia remained adsorbed on mixed oxide Lewis acid
sites at 453 K, whereas about half of the ammonia
remained on pure titania at the same temperature.
These results suggest that ammonia is bound more
strongly to the acid sites on pure titania than any of
the mixed oxides. Quantitative information is derived
from thermal desorption experiments.

Temperature-Programmed Desorption of Am-
monia. The TPD of adsorbed ammonia can be used to
estimate the density of acid sites on the mixed oxide
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Figure 14. Results from temperature-programmed desorption
of ammonia from titania and Ti—Si mixed oxides.*?

surfaces.’® Representative TPD curves are plotted in
Figure 14. The highest density of acid sites was 3.2 x
1076 mol m~2 for our pure titania, which compares to
5.8 x 107 mol m=2,%0 1.5 x 1076 mol m2,81 and 2.9—
3.6 x 1075 mol m~2 62 determined in other laboratories
by a variety of acid titration methods on titania. In our
work, the number density of surface acid sites decreased
with increasing silica content.l® Nakabayashi® and
Odenbrand et al.5% also found lower surface acidities on
the mixed oxides relative to titania. However, others
have found the opposite result.#6163 Evidently, no clear
consensus exists to describe the trend in number density
of surface acid sites on Ti—Si mixed oxides.

In addition to number density, the strength of the acid
site plays an important role in catalysis. The ammonia
TPD curves in Figure 14 most likely indicate that the
strongest acid sites are present on pure titania and that
acidity progressively weakens as Si is incorporated.
However, ammonia TPD cannot be used to unambigu-
ously rank materials according to acid strength because
basic solids such as CaO can also adsorb ammonia quite
strongly.®* In addition, care must be exercised when
interpreting TPD results from microporous materials
since severe readsorption can occur during the experi-
ment. However, the combination of ammonia IR spec-
troscopy and ammonia TPD on the same samples shows
convincingly that the acid strengths of the mixed oxides
decrease with increasing silica content. In contrast to
our results, other researchers have observed strong acid
sites on silica-rich samples.3#46061.83 Again, no clear
consensus exists regarding the distribution of acid
strengths on mixed oxides prepared in different labo-
ratories.

Temperature-Programmed Reaction of 2-Pro-
panol. The TPR of 2-propanol has been used previously
to measure the titania surface areas of mixed oxides of
titania and silica.%® In that paper, however, titania was
deposited onto a silica substrate and interfacial mixing
was assumed to be minimal. Therefore, the samples of
that study are very different from the nearly homoge-
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Figure 15. Results from the temperature-programmed reac-
tion of 2-propanol on Ti—Si mixed oxides.1?

neous mixed oxides that are the subject of this review.
Biaglow et al. reported that the adsorption capacity of
2-propanol on titania (Degussa P25) was 4.0 x 1076 mol
m~2,%5 which compares favorably to 4.5 x 1076 mol m—2
determined in our laboratory.’® Kim et al. also found
that 4.2 x 107 mol m~2 of 2-propanol adsorbed on low
surface area (10 m2 g—1) anatase.®® The adsorption
capacity of titania prepared by hydrolysis of titanium
isopropoxide is significantly higher than that of Degussa
P25.19 Kim et al. suggest that steric effects influence
the adsorption capacity of 2-propanol on titania surfaces
since methanol, ethanol, and n-propanol adsorb to a
greater extent.56 Evidently, the surfaces of high surface
area synthetic titania must be highly irregular to allow
for a greater adsorption capacity compared to P25.
Representative curves from the TPR of 2-propanol,
illustrated in Figure 15, show that unreacted 2-propanol
desorbed at relatively low temperatures, whereas pro-
pene desorbed at about 450—500 K. In addition, the
fraction of 2-propanol that reacted to form propene was
greatly affected by the composition of the mixed oxide.
Silica-rich mixed oxides converted the lowest amounts
of alcohol. Clearly, the adsorption capacities of the
mixed oxides for 2-propanol are lower than that of pure
titania and decrease with increasing Si content.
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Summary of Results from Surface Characteriza-
tion. The results from characterization of titania-silica
mixed oxide surfaces must be interpreted in light of the
bulk characterization studies discussed earlier. The
number, type, and strength of surface acid sites on the
mixed oxides are a strong function of the elemental
composition. Explanations for the generation of surface
acidity on mixed oxides have been proposed,7-¢¢ but
perhaps the most frequently referred to hypothesis is
that of Tanabe et al.®® A major assumption of the
hypothesis is that the coordination number of each
metal cation in its pure oxide structure is retained when
the metal oxides are chemically mixed. In addition, the
coordination number of every oxygen in the mixed oxide
is assumed to be the coordination number of oxygen in
the pure component oxide that is present in the major-
ity. According to the above assumptions, a charge
difference must exist on the impurity cation when
octahedrally coordinated titania is mixed with tetrahe-
drally coordinated silica. Tanabe et al. suggested that
if the charge difference is positive, then the impurity
cation will act as a Lewis acid site, whereas if the charge
difference is negative, then surface protons will balance
the excess negative charge, producing Bronsted acid-
ity.59 Thus, this hypothesis suggests that Lewis acidity
will appear on titania-rich mixed oxides while Bronsted
acidity will appear on silica-rich mixed oxides.

Two problems arise when this hypothesis is applied
to Ti—Si mixed oxides. First, a positive charge on Si is
calculated to appear for Ti-rich mixed oxides, but the
hypothesis of Tanabe et al. does not require electroneu-
trality for this case.?°® As discussed above, Bronsted acid
sites that are not normally present on pure titania
appear on Ti-rich mixed oxides. We proposed that the
positive charge difference that occurs when tetrahedral
Si (in silica) mixes chemically with octahedral Ti (in
titania) is balanced by hydroxyl groups, thus producing
Bronsted acidity. It should be pointed out that other
researchers have reported new Lewis sites on Ti-rich
mixed oxides,”® and they invoke the Tanabe hypothesis
to explain the new acid sites. However, new Lewis sites
may result from a greater fraction of exposed Ti atoms
at the surface of their mixed oxides. Typically, the
mixed oxides have much greater surface areas than pure
titania. In addition, we calcined our materials at a
relatively moderate temperature of 673 K. Higher
calcination temperatures may expose additional Lewis
acid sites.

A second problem that must be resolved is the
dramatic decrease in surface acidity of the Si-rich mixed
oxide samples. According to Tanabe et al.,%° these
materials should exhibit significant Bronsted acidity.
Bulk characterization of Si-rich mixed oxides by EXAFS,
XANES, UV, FT-IR, and Raman spectroscopies indi-
cated that Ti atoms no longer reside in octahedral sites
but instead substitute directly for Si atoms in tetrahe-
dral sites.® Therefore, the charge difference calculated
by Tanabe et al. for Si-rich mixed oxides is based on
the incorrect assumption that Ti maintains its octahe-
dral coordination environment. A charge balance on a
Si-rich mixed oxide using the experimental finding that
Ti isomorphously substitutes for Si reveals no charge
difference at all. Therefore, little surface acidity is
expected on the Si-rich materials, which is consistent



2322 Chem. Mater., Vol. 9, No. 11, 1997

with the low reactivities of these materials in 2-propanol
temperature-programmed reaction.

These results are also completely consistent with the
lack of strong acidity in titanosilicalite molecular sieves.
In these materials, Ti atoms substitute isomorphously
for Si in the silicalite molecular sieve framework, thus
creating unique sites for selective oxidation reactions
with hydrogen peroxide. The lack of significant acidity
on the titanosilicalites nearly eliminates unwanted acid-
catalyzed side reactions during oxidation reactions.”
Since all the titanium atoms in the molecular sieves are
tetrahedrally coordinated, Bronsted acid sites are not
expected on these materials. Indeed, infrared spectros-
copy of pyridine adsorbed on titanium silicalite reveals
only weak Lewis acid sites.”?

As mentioned earlier, there is little agreement on the
strengths and number densities of acid sites on mixed
oxides. Surface acidity will be greatly affected by the
synthesis procedure. Preparation methods involving
coprecipitation of various reagents such as titanium
tetrachloride and sodium silicate may leave residual
ions on the catalyst surface after washing that might
affect surface acidity.%9 In addition, rapid precipitation
and high temperature calcination may result in the
formation of separate titania and silica phases. How-
ever, strongly acidic Lewis sites may not be exposed on
mixed oxide surfaces formed under relatively mild
calcination temperatures. Treatment of materials at
very high temperatures will dehydroxylate the surfaces
more completely, thus exposing Lewis acid sites differ-
ent from those present on the oxides after low temper-
ature calcination. Since the acidity of mixed oxides
depends strongly on atomic-level mixing and the degree
of surface hydroxylation, the wide variety of results
presented in the literature is not surprising. This
observation has been reemphasized recently by Klein
et al.18

V. Catalytic Reactions: Relationships between
Structure and Activity

Titania-silica mixed oxides are often studied as cata-
lysts for two broad classes of reactions: acid-catalyzed
reactions and selective oxidation reactions. This section
will describe the relationships between surface structure
and catalytic activity for two representative reactions,
alkene isomerization (an acid-catalyzed reaction) and
alkene epoxidation (a selective oxidation reaction).

Isomerization of Butene. Titania-silica mixed
oxides are known to catalyze the isomerization of
1-butene at higher specific rates than either silica or
titania.®~5 Titania-rich mixed oxides, in particular,
were found to have the highest activities for the reac-
tion.34 Figure 16 shows the areal rate of butene
isomerization as a function of catalyst composition. The
Ti-rich catalyst was almost 4 times more active than
pure titania and pure silica was essentially inactive.
Since the cis/trans ratio of the product butenes is near
unity over the mixed oxides, the reaction is assumed to
be acid-catalyzed, proceeding through a 2-butyl car-
bonium ion intermediate. This conclusion is supported
by the work of Ko et al., who found that treating a Ti—
Si mixed oxide catalyst with water increased the specific
activity of the sample for olefin isomerization.* Recent
work by the same group has also found that Ti-rich
mixed oxides are far more active for butene isomeriza-
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Figure 16. Influence of catalyst composition on the specific
rate of 1-butene isomerization.1°

tion than pure titania or pure silica.2%70 Nakabayashi
concluded from IR spectroscopy of adsorbed pyridine
that new Bronsted acid sites on a Ti—Si mixed oxide
accounted for the increase in the butene isomeration
rate compared to the pure metal oxides.> Since Bron-
sted acidity was detected on all the mixed oxides,
titania-rich and silica-rich, and since the Ti-rich mixed
oxides were the most active for butene isomerization,
we concluded that 1-butene isomerization is enhanced
by the formation of new Bronsted acid sites not present
on pure titania. However, the weak Bronsted acid sites
on the silica-rich mixed oxides are apparently not
effective for butene isomerization.

Even though some issues regarding acid site density
and strength are still unresolved, an unambiguous
relationship between acidity and catalytic activity exists
for butene isomerization. The differences in isomeriza-
tion rates reported by separate laboratories can easily
be explained by the variability in materials preparation.
As discussed in the previous section, acid sites on these
mixed oxides result from local charge imbalances that
arise when chemically dissimilar oxides are mixed.
Thus, the degree of atomic-level mixing is absolutely
critical to the overall catalytic performance of the
resulting mixed oxide.

Epoxidation of Hexene. The effectiveness of Ti—
Si mixed oxides for selective oxidation reactions with
organic hydroperoxides has been known for many
years.® Typically, a low weight percent of titanium is
supported on silica to form the active material. Pure
silica is considered inert in these reactions whereas pure
titania often decomposes the peroxide unselectively.
However, in some cases, titania can show minimal
activity for selective oxidation products. For example,
Hutter et al. reported that pure titania catalyzed
epoxidation of cyclohexene by cumene hydroperoxide.”

The variation of epoxidation activity with Ti—Si
mixed oxide composition reveals important character-
istics of this selective oxidation reaction. Reactivity
results for the epoxidation of 1-hexene with tert-butyl-
hydroperoxide (TBHP) on Ti—Si mixed oxide catalysts
are summarized in Table 4.1 The TBHP efficiency is
defined as the percentage of 1,2-epoxyhexane produced
compared to TBHP consumed. The activity and selec-
tivity of Ti—Si mixed oxide catalysts were higher than
pure titania, but depended strongly on the composition.
The silica-rich mixed oxide was the most effective
catalyst for epoxidation.

The characterization results of the Ti—Si mixed oxides
indicated that most of the Ti atoms in Si-rich mixed
oxides reside in tetrahedral sites formed by direct
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Table 4. Comparison of 1-Hexene Epoxidation Activity
over Ti—Si Mixed Oxides 12

TBHP TBHP

sample conversion/% efficiency/%

blank 2.2 0

TiO2 15.5 10.8
Ti:Si6:1 34.7 20.8
Ti:Si 1:1 235 27.5
Ti:Si 1:8 37.6 77.2
meso-TiSi—20 64.1 89.6
meso-TiSi—40 86.4 84.1

a Conditions: 48 mmol of 1-hexene, 4.8 mmol of TBHP, 50 mg
of catalyst, 353 K, 4 h.

substitution into silica.?® The Ti sites for selective
oxidation in TS-1 catalysts are known to be tetrahe-
drally coordinated Ti atoms located in framework sites
normally occupied by Si.32 Similarly, the highly effec-
tive catalytic sites for selective epoxidation on the Ti—
Si mixed oxides are likely due to tetrahedral Ti atoms
in a silica lattice, which is in agreement with the study
of Imamura et al.”* Hutter et al. proposed that two
types of sites exist on Ti—Si mixed oxides: one type
associated with titania microdomains, and a second type
associated with isolated Ti, which is the highly active
site.”® Recently, pure titanium oxides were studied as
catalysts for epoxidation of octene with TBHP.”> Ul-
trafine titania formed by hydrolysis of titanium isopro-
poxide, without high-temperature calcination, showed
activity for epoxidation at 363 K. High-temperature
calcination of these catalysts eliminated the selective
oxidation sites. The authors proposed that unsaturated
Ti sites are necessary for selective oxidation and that
silica supports are ideal for maintaining the highly
active tetrahedral Ti site.

If the isolated Ti atoms in the tetrahedral silica
matrix are the most active sites in these materials, then
very low concentrations of Ti in extremely high surface
area silicas should be the best catalysts. The last two
entries of Table 4 show the catalytic activity of Ti atoms
incorporated into mesoporous silica prepared by a direct
synthesis method involving liquid-crystal templating.
Characterization results indicated that the Ti atoms are
isolated in the silica matrix.!l As expected, these
materials were the most active and selective of the
mixed oxides reported in Table 4. The direct synthesis
method used to prepare these samples does not guar-
antee that all of the Ti atoms are exposed to the surface.
Any titanium that is buried in the bulk matrix is
inactive for selective oxidation reactions. Recently, a
new postsynthetic treatment of high surface area silica
has been developed to graft isolated Ti atoms onto the
silica surface.?®. When compared on a per Ti atom basis,
these new materials are the most active, amorphous
solid epoxidation catalysts yet reported.

Titanium-substituted silicalite, TS-1, is an extremely
effective catalyst for selective epoxidation of small
alkenes with aqueous hydrogen peroxide. A unique
capability of this catalyst is that high activitiy and
selectivity for selective oxidation can be sustained in the
presence of water and polar solvents. Soluble epoxida-
tion catalysts are strongly inhibited by water, presum-
ably due to strong coordination with the active site.

Klein et al. evaluated the surface polarities of mi-
croporous titania-silica mixed oxides and TS-1, based
on the competitive adsorption of water and octane.® For
samples of about the same Ti loading (~2%), the
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Table 5. Effect of Cosolvent on 1-Hexene Epoxidation!la
TBHP TBHP

cosolvent conversion/% efficiency/%
water 149 1.87
methanol 29.9 7.5
acetone 38.7 18.7
n-butanol 17.9 68.8
methy ethyl ketone 37.1 37.6
decane 37.6 77.2
isopropyl ether 27.2 79.5
1,1,2,2-tetrachoroethane 40.1 76.7
2,4,6-tri-tert-butylphenol® 48.5 80.8

a Conditions: 48 mmol of 1-hexene, 4.8 mmol of TBHP, 50 mg
of Ti:Si 1:8 catalyst, volume ratio of decane to cosolvent = 2, 353
K, 4 h. b Free radical inhibitor, 0.48 mmol added.

amorphous mixed oxide had a 10:1 preference of water
over octane, whereas TS-1 had a 3:1 preference of octane
over water. The significant hydrophobicity of TS-1 may
account for its excellent catalytic activity in aqueous
solutions.

The influence of cosolvents on 1-hexene reaction with
TBHP catalyzed by a Si-rich mixed oxide is shown in
Table 5. The reaction was greatly retarded by water,
which is similar to the behavior of soluble metal
catalysts’® and is anticipated from the surface polarity
measurements of Klein et al.1® Inhibition by water can
be attributed to its strong coordination with the surface
of the mixed oxide, which blocks the active sites from
reactant molecules. The presence of small alcohol and
ketone compounds also decreased the selectivity of
TBHP to epoxide product, but not to the same extent
as added water. However, as less polar solvent mol-
ecules were added, the negative effect on epoxidation
diminished. Addition of a free radical inhibitor, 2,4,6-
tri-tert-butylphenol, to the reaction solution did not
reduce the conversion or efficiency, implying that the
epoxidation does not proceed through a radical mech-
anism in the liquid phase. Recent studies on low-
weight-percent Ti in mesoporous silica showed that the
measured rates of epoxidation with aqueous hydrogen
peroxide are far lower than those typically reported for
TS-1.11 Even though multiple characterization studies
indicate the similarity of the tetrahedral Ti site in
amorphous mixed oxides and TS-1, the larger irregular
pores of the amorphous materials that contain silanol
groups appear to inadequately exclude water or other
highly polar molecules.

V1. Conclusions

Variations in synthesis procedure can profoundly
affect the homogeneity of component mixing at the
atomic level. Since Ti and Si alkoxide precursors do not
hydrolyze and condense at the same rate, small titania-
rich domains may form in the mixed oxides. The
inequivalence of hydrolysis rates can be partially miti-
gated by prehydrolysis of the slower reacting component
or by complexing the faster reacting component. Nev-
ertheless, characterization results of alkoxide-derived
mixed oxides are fairly consistent, regardless of prepa-
ration procedure. Titanium-rich mixed oxides tend to
have silica located preferentially at the surface. The
charge imbalance resulting from atomic level mixing of
4-coordinated Si*t and 6- (or 5-) coordinated Ti** forms
new, catalytically active, acid sites that are not present
on either of the pure oxide surfaces. Silica-rich mixed
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oxides are much less acidic due to the substitution of
many titanium atoms into the tetrahedral sites nor-
mally occupied by silicon, thus eliminating the charge
imbalance responsible for the acidity of Ti-rich mixed
oxides. The isolation of tetrahedrally coordinated Ti
atoms in silica correlates with the activity and selectiv-
ity of alkene epoxidation reactions, which suggests that
those atoms are the active sites for oxidation. Clearly,
the method of synthesis, which affects the degree of
homogeneity of component mixing, plays a crucial role
in determining the surface character of the final cata-
lytic materials.
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