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Abstract

Understanding the effect of modifying elements in supported vanadia bilayered catalysts
for methanol oxidation to formaldehyde

by
William Collins Vining
Doctor of Philosophy in Chemical Engineering
University of California, Berkeley

Professor Alexis T. Bell, Chair

The field of heterogeneous catalysis has long been interested in understanding the
role of site structure on reactivity and selectivity for the rational design of catalysts.
Vanadia is of particular interest because of its potential to be highly active and selective
for a variety of reactions, such as oxidative dehydrogenation of alkanes to alkenes, or the
oxidation of n-butane to maleic anhydride.

When supported, vanadia can exist in several environments depending on its
surface coverage. At the lowest loadings, below 2 V/nmz, the vanadium exists
predominantly in well dispersed, tetrahedral structures with 3 V-O-support bonds and 1
V=0 bond. At higher loadings, above 2 V/nm?, V-O-V bonds form on the surface, and at
loadings above 7 V/nmz, the vanadia begins to form 3 dimensional domains of V,0Os.
Methanol oxidation rates over catalysts with varying vanadia loadings have shown no
significant effect of the V surface density on the formaldehyde formation rate. However,
significant differences in the formaldehyde production rates are observed for different
supports. Changing the support from silica to titania or zirconia, will result in increases in
the production of formaldehyde from methanol by over an order of magnitude for similar
vanadia surface coverages. These differences in rate are observed even though the
reaction mechanism is believed to be the same regardless of the support. The mechanism
is thought to proceed as follows. First methanol dissociatively adsorbs across a V-O-
support bond, producing V-OCH3 and M-OH (M = Si, Ti, Zr, Ce) in a quasi-equilibrated
step. Next a surface oxygen abstracts hydrogen from the methoxy group in the rate
determining step, and formaldehyde desorbs. The final steps are fast and involve the
production of H,O from neighboring hydroxyls and the reoxidation of the catalyst by gas-
phase oxygen.

When vanadia is supported on bulk TiO,, ZrO,, or CeO,, the support surface area
is relatively small (~200 m2/g at its highest), and the bulk support causes side reactions
which make it difficult to understand the role of the vanadia. Furthermore, by using a
bulk support, only the vanadia surface coverage can be varied, such that the effect of
different V structures can be elucidated, but not that of V-O-M bonds. Therefore, high
surface area silica with a variable coverage of two-dimensional TiO,, ZrO,, and CeO,
layers are used to support isolated vanadate structures to vary the quantity of vanadia



bound to the modifying layer. These bilayered catalysts can be used to determine the
effect of the V-O-support bonds on the formaldehyde production rate.

Three mesoporous silica supports, MCM-48 (1550 mz/g), MCM-41 (1353 mz/g),
and SBA-15 (700 m*/g) were used as the high surface area silica. Ti was grafted to the
MCM-48 surface using Ti(O'Pr)s and a maximum surface coverage of 2.8 Ti/nm* was
obtained after 3 graftings. The grafting of zirconium was performed using Zr-2-methyl-2-
butoxide on MCM-41, and a maximum loading of 2.1 Zr/nm®> was achieved after 3
graftings. The final modifying element, cerium, was grafted onto SBA-15 using
Ce(O'Bu), for a maximum surface coverage of 0.9 Ce nm’. After treating the MO,/S10,
(M = Ti, Zr, Ce) samples in air to remove any organic ligands, OV(O'Pr); was grafted
onto the MO,/Si0, (M = Ti, Zr, Ce) support to achieve the desired V surface coverage of
approx. 0.7 V/nm®.

The resulting catalysts contain amorphous two-dimensional layers of TiO,, ZrO,,
or CeO, with V existing in a pseudo-tetrahedral structure on the surface. As the surface
density of the modifying element layer increases, the quantity of vanadia bound to TiO,,
ZrO,, or CeO; increases. For the VO,/ZrO,/Si0; catalysts, the fraction of vanadia bound
to the zirconia layer was able to be quantified and determined to be 35% of all V for a Zr
surface density of 2.8 Zr nm™.

Even for small quantities of modifying elements (0.2 M nm™), the apparent rate
constant for formaldehyde production on VO,/MO,/Si0, (M = Ti, Zr, Ce) is an order of
magnitude higher than for VO,/SiO, catalysts at the same V surface density. Regardless
of the modifying element used, the increase in apparent rate constant is comparable for
all catalysts. As the modifying element surface density is increased, the apparent rate
constant also increases, which is a result of an increasing fraction of V bound to the MOy
layer. Each of these bilayered catalysts can be described using a two-site model of
VO,/Si0; and VO,/MO, (M = Ti, Zr, Ce) with the latter being responsible for the
increased apparent rate constant.

This higher activity for the VO,/MO, site is due to a lower apparent activation
energy. For VO,/SiO,, the apparent activation energy is 23 kcal mol’, but is
approximately 17 kcal mol” for VO,/MO sites. The apparent activation energy can be
expressed as the sum of the heat of methanol adsorption and the activation energy for H-
abstraction. My results indicate that the lower apparent activation energy observed for the
bilayered catalysts is a result of a decrease in the activation energy for H-abstraction.
This lower energy pathway occurs because the MOy layer can abstract H from surface
methoxy groups. For VO,/SiO,, however, the vanadyl oxygen abstracts H in a higher
energy step.
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Chapter 1

Introduction

Environmental concerns along with the dwindling supply of petrochemical
reserves have led to the search for new, more efficient chemical processes, which utilize
environmentally friendly, renewable feedstocks [1]. Catalysts play a key role in these
processes by better utilizing reactants, improving yields of desired products, and reducing
energy costs. Heterogeneous catalysts are of interest because of higher product
selectivities, greater reactant efficiencies, and reduced separation costs. Therefore,
developing improved heterogeneous catalysts for current and future applications is of
significant importance.

Several catalyst properties can play a significant role in the activity and selectivity
of a given reaction, such as the structure and oxidation state of the active site, and the
types of elements present. In order to rationally design catalysts for new applications, the
structures, oxidation states, and mechanisms for current catalysts must be elucidated such
that more general structure-reactivity relationships may be developed. The development
of these relationships will enable the creation of new processes and the improvement of
existing ones. Some of the benefits include higher selectivity toward desired products or
more efficient utilization of reactants.

Because of the complexity of most industrial catalysts, model catalysts are often
used to develop these structure-activity relationships. Examples of previously studied
model catalysts include single metal-oxo groups grafted on the support [2,3], and isolated
metal atoms incorporated into the support surface [4]. The use of these model catalysts
allows for the characterization of known, uniform structures from which structure-
activity relationships may be derived.

In particular, vanadium is an element of interest because of its potential to
efficiently convert many reactants to desired products, such as methanol oxidation to
formaldehyde, sulfur dioxide to sulfur trioxide for the production of sulfuric acid
production using V,0s, and the oxidative dehydrogenation of alkanes to alkenes [5 and
references therein]. Extensive work has been performed on supported vanadium oxide
model catalysts. Previous work has determined that for surface densities less than 2 V
nm™, vanadium exists on the surface in pseudo-tetrahedral O=V(-OM); (M = support
oxide metal cation, e.g., Si, Ti, Zr) species. For higher surface densities, polyvanadates
form on the surface, up to a coverage of 7 V nm™, upon which crystalline V,0s begins to
form [6]. Methanol oxidation rates have been shown to be invariant with increasing
vanadia surface density below a monolayer [7], yet when different metal oxides are used
as supports, the formaldehyde production rate increases by several orders of magnitude.
For example, at low surface densities of vanadia on the catalyst surface, the apparent rate
constant for methanol oxidation increased from 1.3x107 (atm-s)'1 for VO,/SiO, t0 1.9
(atm*s)'1 for VO,/TiO,, an increase of two orders of magnitude [5,8]. Similar
observations have been made for methanol oxidation when higher surface coverages of
vanadia on different metal oxide supports are used. The previous results show the
formaldehyde production rate varies according to the general trend: VO,/Si0O, <<
VO,/TiO; ~ VO/ZrO, < VO,/CeO; [9].



The mechanism for isolated vanadate species supported on silica has been
suggested to proceed as shown in Figure 1.1 [5,10]. Initially, methanol dissociatively
adsorbs across a V-O-Si bond producing V-OCH3 and Si-OH in a quasi-equilibrated step.
Next, a proton is abstracted to the vanadyl oxygen in the rate-determining step and
formaldehyde and water desorb. Finally, gas-phase oxygen fully re-oxidizes the reduced
catalyst. For low gas-phase concentrations of water, the reaction mechanism can be
written as

Tapp = Keqkris[MeOH] (1.1)

where 7, is the apparent rate, K, is the equilibrium constant for methanol adsorption,
k.5 is the rate constant for H-abstraction, and [MeOH] is the gas-phase partial pressure
of methanol.

The reason for the previously mentioned support effect in methanol oxidation is
unclear, yet several explanations have been suggested. Wachs and coworkers
hypothesized that the underlying metal oxide support affects the electronic properties of
the vanadate. This conclusion was drawn by observing a correlation between the
Sanderson metal cation electronegativity of the support with the methanol oxidation rate
[9]. It is not clear, however, which aspect of the vanadate electronic property is altered,
nor which step in the reaction mechanism is affected by this proposed change. Another
hypothesis involves the presence of O-vacancies in the metal oxide surface adjacent to
the vanadate species. The existence of these vacancies has been investigated using
density functional theory (DFT) models of the active site for VO,/TiO, catalysts, which
resulted in activation energies and rate constants comparable to those observed
experimentally [11]. More recent theoretical investigations by Metiu and coworkers
suggest that when vanadia is supported on a metal oxide other than silica, the support
facilitates the adsorbed methoxy H-abstraction step in the methanol oxidation to enhance
the production of formaldehyde [12].

In order to determine the role of the support for methanol oxidation on supported
vanadia catalysts, bilayered catalysts were used in the present study as a means to
characterize both the support layer and surface vandate species. For these catalysts, the
desired surface density of vanadia is deposited onto submonolayer coverages of MOy (M
=Ti, Zr, Ce) on silica. Advantages of these catalysts over bulk supported vanadia are the
ability to vary the structure and surface density of the modifying element on silica, and
the use of high surface area mesoporous silica, which allows for higher numbers of active
sites while maintaining low surface densities of vanadia. By changing the surface density
of the modifying element, the number and type of V-O-M (M = Ti, Zr, Ce) bonds can be
determined and their effect on the rate of formaldehyde production determined. Also, the
use of high surface area silica supports facilitates the investigation of surface V species
with readily available spectroscopic techniques.

In chapter 2, the structure and redox properties of the TiO,/SiO, support were
investigated. In this study, the titania surface density was varied from 0.2 to 2.8 Ti nm™
on an MCM-48 support and the titania redox properties were shown to be a function of
the cluster size on the silica surface. The effect of these supports on vanadia activity is
investigated in chapter 3. In this chapter, the catalysts are studied both experimentally
and theoretically using the O-vacancy theory to propose a mechanism by which the
titania layer affects the reactivity.



The insights gained from investigating titania as a modifier were extended to
zirconia in chapter 4. In this chapter, the distribution of vanadia sites is experimentally
determined for these catalysts, as opposed to theoretically in ch. 3. For these catalyst,
both VO,/Si0; and VO,/ZrO, sites were quantified, with the latter being responsible for
the increase in reaction rate. Because of the inability to form O-vacancies in the
underlying zirconia layer, an alternative mechanism in which the zirconia layer abstracts
the adsorbed methoxy proton is proposed.

Finally, these insights are extended to catalysts with ceria as the modifying layer
in chapters 5 and 6. First, in ch. 5, the impact of different ceria precursors on the resulting
structure and redox properties is investigated for cerium (III) acetylacetonate, cerium (IV)
t-butoxide, and cerium (IV) i-propoxide. Two-dimensional amorphous domains of ceria
were achieved for cerium (IV) #-butoxide, which was used to support vanadia for the
subsequent methanol oxidation study in ch. 6. The use of an amorphous ceria domain
allowed for better comparisons to the previous chapters. The impact of these different
ceria surface structures on the vanadia structure and reactivity toward formaldehyde are
discussed and the results from the VO,/CeO,/Si0O, catalysts are compared with results
from VO,/Ti0,/Si0; and VO,/ZrO,/Si0,. Overall, the results suggest that the support
participates in the reaction by facilitating the H-abstraction from the adsorbed methoxide
species.
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Figure 1.1. Schematic of methanol oxidation over isolated pseudo-tetrahedral VO,/SiO, catalysts
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Chapter 2

A Study of oxygen vacancy formation and annihilation in submonolayer coverages
of TiO; dispersed on MCM-48

Abstract

The reduction and reoxidation of submonolayer coverages of TiO, deposited onto
MCM-48 were investigated. The deposited TiO, was characterized by Raman and UV-
Visible spectroscopy. Raman spectra show that Ti atoms are bonded to the silica support
by Ti-O-Si bonds and that crystalline TiO, is not formed. The results of the Raman and
UV-Visible spectroscopy suggest that the dispersed TiO, is present as two-dimensional
oligomeric structures. Reduction in H, at 923 K produces Ti** cations observable by EPR
(g = 1.932), suggesting the formation of oxygen vacancies. The fraction of Ti that could
be reduced increased with TiO, surface concentration. This observation is attributed to
the ease with which O atoms can be removed from the TiO, overlayer as the size of the
titania patches increases. The amount of oxygen removed during reduction was quantified
by pulsed reoxidation. It was observed that the temperature required for complete
reoxidation decreased with increasing surface coverage of the silica support by TiO,.
This trend is explained with a proposed model of the reoxidation process, in which the
rate limiting step is the migration of peroxide species through or between the deposited
TiO, patches. A linear correlation was established between the intensity of the EPR
signal for Ti** and the amount of oxygen removed from TiO,/SiO,. This relationship was
then used to determine the oxygen vacancy concentration present on the surface of
Ti0,/Si10, after temperature-programmed oxidation of methanol.

2.1 Introduction

Crystalline anatase and rutile are good supports for both metal and metal
oxide catalysts; however, such forms of TiO, are difficult to prepare with high surface
area and have a tendency to sinter at low temperatures [1-6]. These shortcomings can be
overcome by dispersing of TiO; on a high surface area support such as mesoporous SiO,
[7,8]. By this means, the chemical properties of TiO, are combined with the high surface
area and the high thermal stability of the Si0,. Such TiO,/Si0, materials exhibit catalytic
activity and selectivity not possessed by bulk TiO,. For example, TiO,/SiO; is active for
liquid-phase epoxidation of alkenes, whereas bulk TiO; is not [1,2,9,10]. Likewise,
Ti0,/S10; is active for the gas-phase oxidation of methanol to formaldehyde and methyl
formate, whereas bulk TiO, promotes the condensation of methanol to dimethylether
[3,11]. TiO,/SiO; has also been used as a support for dispersed vanadia,[12,13] and
VO,/TiO,/Si0; has been shown to have a considerably higher activity for methanol
oxidation to formaldehyde than VO,/Si0; [14,15].



It is well known that TiO; can lose oxygen, resulting in the formation of both bulk
and surface vacancies [1,16-23]. The presence of such oxygen vacancies changes both the
electronic and chemical properties of TiO, and consequently the performance of TiO, as
both a catalyst and a catalyst support [1,24-29]. For example, oxygen vacancies have
been shown to affect the photocatalytic activity of TiO,, [30,31] the preferential
adsorption of water and alcohols, [32,33] and the anchoring of noble metal clusters, such
as gold [34,35] or platinum [36]. Oxygen vacancies on TiO, have also been suggested to
increase the catalytic activity of gold [34,37] and copper [38] nanoparticles supported on
Ti0O,, and oxygen vacancies have been proposed to be responsible for the high activity of
isolated vanadate species dispersed on TiO, for methanol oxidation to formaldehyde
[14,39].

Studies of oxygen vacancy formation in bulk TiO, suggest that surface vacancies
are more stable than bulk vacancies, and that vacancies can migrate from the bulk to the
surface of the oxide [40,41]. However, only limited attempts have been made to quantify
the surface concentration of O-atom defects. STM studies show that upon heating rutile
in vacuum to 700-1100 K, the (110) surface of rutile can contain 2-10% O-vacancies
[1,42-47]. Vacancies are also formed in bulk TiO, powders by heating in vacuum or an
inert atmosphere, [48,49] or in a reducing gas [50,51]. By contrast, nothing is known
about the formation of vacancies in two-dimensional structures of TiO, formed on SiO,.
Given the differences in the structure of dispersed and bulk TiO,, it is reasonable to
expect that significant differences could exist between the two types of materials with
regard to the formation and annihilation of anionic vacancies. For example, whereas Ti
has a sixfold coordination in anatase and rutile, [1] at low loading Ti cations in the
dispersed Ti species on SiO; are believed to be predominantly fourfold coordinated with
increasing numbers of 5 and 6-coordinated Ti cations at higher coverages [3,9]. Silica-
supported TiO, monolayers also lack the subsurface transition metal oxide, which can
delocalize charge.

Oxygen vacancies in bulk TiO, can be detected using EPR spectroscopy, as the
electrons remaining in the vacancy move towards the neighboring Ti atoms forming two
reduced Ti* cations, [39,52,53] according to:

Ti*-O-Ti* - Ti*--Ti** + % O, (2.1)

The presence of Ti’* cations is also readily discernable by the blue color of
partially reduced TiO; [16,54,55]. In the current study, reduction-reoxidation studies in
combination with EPR spectroscopy are used to investigate the reducibility of
submonolayer coverages of TiO, dispersed onto MCM-48, a mesoporous silica, and the
ease with which the oxygen vacancies can be removed. The maximum percentage of Ti
atoms that can be reduced to the 3+ state is found to be a function of the Ti loading. The
oxygen uptake varies with the reoxidation temperature, as the oxygen vacancies are
partially kinetically stable at temperatures below 473 K. The temperature needed for
complete reoxidation of the TiO,/SiO, samples decreases with increasing Ti loading.
The results of this study suggest that the formation of oxygen vacancies is facilitated
when the O atom to be removed is surrounded by a large number of Ti-O-Ti bonds. It is
also shown that oxygen vacancies are not completely removed upon reoxidation in O,
and can persist during methanol oxidation.



2.2 Experimental Methods

2.2.1 Sample synthesis and characterization

The support used in the present studies, MCM-48, was prepared following the
procedure given in Ref. 56. Submonolayer coverages of non-crystalline TiO, were
dispersed onto the surface of the MCM-48 by grafting Ti(O'Pr)4 from a solution of dry
toluene [14]. MCM-48 support dried over night at 393 K under vacuum was brought into
contact with a solution of Ti(O'Pr), dissolved in about 60 ml of dry toluene at room
temperature under inert atmosphere. After stirring the solution with the support for 4 h,
the solution was removed and the sample was washed three times with ~60 ml of fresh
toluene, before it was dried over night under vacuum at room temperature. The dried
material was then heated to 573 K in helium and kept at this temperature for 1 h under
synthetic air, before it was heated in synthetic air to 773 K and kept at this temperature
for 4 h. Following this procedure, Ti loadings of up to 1 Ti/nm? could be achieved. For
Ti loadings higher than 1 Ti/nm? the grafting process was repeated up to three times.

For comparison, an MCM-41 sample with Ti incorporated in the silica framework
(denoted as Ti-MCM-41) was prepared following the procedures described in Refs. 57
and 58. The weight percent of Ti was comparable to that of a TiO,/S10, sample prepared
with an apparent surface density of 0.2 Ti/nm”. High surface area bulk anatase (99.7%,
Aldrich) was used as a TiO, reference.

The BET surface area of all samples was measured by N, physisorption using an
Autosorb-1 (Quantachrome). The weight loading of Ti in all samples was determined by
Galbraith Laboratories using inductively-coupled plasma (ICP) analysis. The apparent
surface density of Ti, expressed in Ti atoms per nm?, was then calculated from the Ti
loading and the BET surface area. The structure of the deposited titania was
characterized by Raman spectroscopy using a Hololab Series 5000 spectrometer (Kaiser
Optical) equipped with a 532 nm Nd:YAG laser operated at a power of 25 mW. Prior to
acquiring the Raman spectrum, the sample was heated at 4 K/min to 773 K in 20% O,/He
(UHP) and held at this temperature for 1 h. Diffuse reflectance UV-Vis spectra were
recorded using a Harrick Scientific diffuse reflectance attachment (DRP) with a reaction
chamber (DRA-2CR) and a Varian-Cary 6000i spectrophotometer. Prior to acquisition of
the UV-Vis spectra, samples were pretreated in a flow of 20% O,/He and heated at
4 K/min to 723 K and then held at this temperature for 1 h. Spectra were recorded at
room temperature with 1-5eV incident light. Conversion of reflectance data into
absorption spectra was performed based on the reference reflectance of MgO using the
Kubelka-Munk function (F(R.)). Absorption edge energies were obtained as the
intercept with the abscissa from a linear regression of [(F(Rw))hv]” ? data plotted versus
hv. Temperature-programmed reaction (TPRy) of methanol oxidation was carried out
using about 25 mg of TiO»/SiO, (2.8 Ti/nm?) placed in a %-in O.D. quartz tubular reactor.
The reaction temperature was measured with a thermocouple placed inside the catalyst
bed, and a calibrated quadrupole mass spectrometer (Cirrus, MKS Instruments) was used
for on-line gas analysis. The measurement procedure is described in detail in Ref. 11.
As a pretreatment, the sample was heated in 60 cm’/min of 20 % O,/He at a rate of
4 K/min to 773 K and then held at this temperature for 1 h. The reaction mixture was



composed of 6% CH30OH/7.5% O,/He. The flowrate was adjusted so that the condition of
1.4 cm’ CH;30H/min per Ti atom was maintained.

Temperature-programmed reduction (TPR) profiles of selected samples were
performed in the same apparatus as that used for methanol TPRx. Reduction was carried
out in 10 % H,/He (UHP) flowing at 30 cm’/min. The sample was heated at the rate of
10 K/min starting from 323 K to 1073 K, while the concentrations of H, (Mass 2) and
H,O (Mass 18) were followed by mass spectrometry.

2.2.2 Reduction-reoxidation measurements

The reduction-reoxidation measurements were carried out in the apparatus
described above using about 50 mg of sample. For the sample with the lowest Ti weight
loadings [Ti0,/SiO, (0.2 Ti/nmz) and Ti-MCM-41], the sample weight was increased to
100 mg, but the residence time was held constant by doubling the flow rate. Prior to
sample reduction, all samples were oxidized following the procedure described above (20%
O,/He, 4 K/min to 773 K, hold for 1h) to ensure complete oxidation and removal of
surface contaminants. The reduction was then carried out in 10% H,/He flowing at
60 cm’/min, while the temperature was increased at 4 K/min from room temperature to
923 K. The final temperature of 923 K was kept for one hour, after which the sample
was cooled in helium to the desired reoxidation temperature.

During pulsed reoxidation, the sample was constantly purged with 30 cm’/min
UHP helium. A flow of 10 % O,/He was passed through a pulse valve (VICI Valco
Instruments), containing a pulse loop with a volume of 0.5 cm®, which was heated to 393
K. One pulse was dosed to the sample every 4 min by switching the pulse valve.

Assuming standard pressure and using the ideal gas law, each oxygen pulse was
expected to contain 1.5 umol of O,. Due to possible changes in temperature and pressure
in the gas lines, or differences in the exact concentration in the gas in the manifold, the
exact amount of oxygen per pulse was determined by dosing three oxygen pulses through
the reactor bypass and into the mass spectrometer. The mass spectrometer signal was
integrated to determine the concentration of O, in each pulse. The actual amount of O,
per pulse varied between 1.4 and 1.8 umol. Each pulse reoxidation experiment was
carried out until at least three pulses of equal height were measured with the mass
spectrometer, indicating that no further oxygen uptake occurred.

2.2.3 EPR spectroscopy

X-band EPR measurements were performed on a Varian E-Line Century
spectrometer equipped with a single microwave cavity operating at a frequency of 9.250
+ 0.0005 GHz. Samples were cooled to near 12 K using liquid He. A microwave power
of 25 W was chosen so that measurements were conducted under the condition that the
intensity for all observed signals varied linearly with the square root of the power to
ensure that no signal was saturated. Except for the gain, the same conditions were used
for each EPR measurement. This allowed quantitative comparisons to be made among
samples after all spectra were scaled to the same gain (3.2x10°). A DPPH standard was
used to determine g values.

Samples were pretreated inside the EPR tubes. To mimic the reaction
experiments, a 1/16-in OD stainless steel tube was inserted just above the sample in order
to bring the flowing gas into contact with the sample. On both the upstream and the



downstream side, the EPR tube could be isolated with two ball valves. After oxidizing
the sample according to the procedure described above (20% O,/He, 4 K/min to 773 K,
held 1h) and purging the reactor with helium, one of the following pretreatment
procedures was carried out:

- Reduction in 10% H,/He flowing at 60 cm3/min, while the sample was heated at
4 K/min to 923 K and then held at this temperature for 1 h.

- Heating in He flowing at 60 cm®/min, while the sample was heated at 4 K/min to
923 K and then held at this temperature for 1 h

- TPRx in 6% CH3;OH/7.5% O,/He, while the sample was heated at 2 K/min to
823 K. The flowrate was adjusted so that the condition of 1.4 cm’ CH30H/min
per Ti atom was maintained.

After each pretreatment the EPR tube was purged with helium, before the pressure in the
EPR tube was reduced and the samples were sealed inside the tube by melting the glass.

2.3 Results and Discussion

2.3.1 Sample Characterization

The results of sample characterization by means of BET and ICP are summarized
in Table 2.1. The samples used in this study had weight loadings of Ti of 0.2, 0.9, 1.5, 1.9,
2.6 and 2.8 Ti/nm”. The BET surface area of MCM-48 was ~1500 mZ/g, and is similar to
values observed earlier [59]. With increasing loading of Ti, the BET surface area
decreased from 1000 to 800 m?/g, following a pattern reported previously [14]. The
surface area of the reference anatase was also measured after a reduction and reoxidation,
because considerable sintering was expected during reduction at high temperature. The
surface area did, in fact, decrease from an initial value of 100 m2/g to 58 m2/g after
reduction and reoxidation.

Fig. 2.1 shows the Raman spectrum for the sample with a Ti loading of 2.8 Ti/nm?.
Similar spectra were observed for samples with lower Ti loadings but are not shown. The
bands at 605 and 480 cm™ can be attributed to the D1 and D2 bands of the MCM-48
support, respectively, [60] confirming that the structure of the mesoporous silica was not
destroyed during the deposition of TiO,. The Raman bands at 922 and 1079 cm™ can be
assigned to Si-O-Ti bonds [3,61]. The presence of these bands indicates that the titania
layer is bonded to the SiO, support. Ti-O-Ti bands would be expected in the vicinity of
460, 710, and 800-900 cm'l, based on previous studies of TiO,/Al,O3 [62]. The first two
of these bands could not be observed because of the broad D1 and D2 bands for silica
occurring at 605 and 480 cm™. A band was observed at 800 cm™', which may be due to
Ti-O-Ti vibrations. No evidence for crystalline forms of titania was found for any of the
samples, as evidenced by the absence of characteristic bands for rutile (143, 447, 612,
826 cm'l), [63] or anatase (146, 197, 397, 516, 640, 800 cm'l) [11]. The strongest of these
features is the band at 145 cm™, which is a particularly sensitive detector of even very
small amounts of crystalline TiO, [3]. The absence of any features in the region of the
spectrum below 200 cm™ (not shown) confirms the absence of crystalline TiO, in the
samples studies.



The edge energies obtained from the UV-Vis spectroscopic measurements are
shown in Fig. 2.2 together with similar data from Ref. 15. The edge energies of the Ti-
MCM-41 sample and the reference bulk TiO, (high-surface area anatase, Aldrich) are
shown for comparison. For bulk TiO,, the number of 10 Ti surface atoms per nm’ was
estimated from geometric considerations of the anatase (101) surface. The decrease in
the UV-Visible edge energy can be attributed to an increase in the domain size of TiO,,
indicating larger “patches” or clusters of TiOy-like structures on the surface at higher
surface loading [15,64]. Values larger than 4.2 eV have been assigned to isolated,
monomeric TiO4 tetrahedra, whereas values smaller than 3.4 eV have been attributed to
polymeric TiOy-chains [15]. Based on the observed edge energies, only the two samples
with the lowest Ti surface coverage in this study (Ti-MCM-41, and TiO,/MCM-48 with
0.2 Ti/nm?) clearly fall into the range of isolated TiO4-species, whereas the samples with
Ti surface densities of 0.9, 1.4, 1.9, 2.4 and 2.8 Ti/nm” have edge energies between those
observed for isolated TiO, tetrahedra and polymeric chains. The UV-Visible edge energy
is the same for all samples with TiO, surface concentrations between 0.9 and 2.8 Ti/nm?>.
This observation suggests that the size of the TiO, domains does not increase with
increasing TiO, surface concentration but, rather, the number of domains increases, while
the distance between domains decreases. This interpretation is supported by the
recognition that the edge energy is obtained from the position and shape of the low
wavenumber side of the UV-Visible spectrum, so its value will be dominated by the
properties of the largest clusters in the sample.

2.3.2 Sample reduction

Three peaks for water production were observed in the TPR spectra of samples
with surface concentrations of 2.6 and 0.9 Ti/nm* (Fig. 2.3). The peak near 400 K (not
shown in Fig. 2.3) can be assigned to desorption of water adsorbed in the pores of the
mesoporous silica [65]. The steep increase of the water signal around 1000 K was caused
by condensation of silanol groups on the surface of MCM-48, accompanied very likely
by a collapse of the MCM-48 structure [65,66]. This peak was absent in bulk TiO,. For
0.9 TiO,/Si0,, a small peak is observed between 800 and 973 K. This peak is higher for
2.6 Ti0O,/Si10; and coincides with the release of water via silanol condensation. This peak
is absent from the TPR spectra for pure MCM-48 and Ti-MCM-41. Therefore, the peak
between 800 and 973 K is assigned to partial reduction of the titania deposited on SiO,.
Since no evidence was found for the reduction of Ti-MCM-41, it is concluded that the
observed water peak is due to the loss of oxygen from titania oligomers, but not from
isolated titanate groups. A similar peak at 840 K was observed for high surface area
anatase, in agreement with previous studies of TiO,. The appearance of this peak at a
temperature 55 K lower than that observed for TiO,/Si0, indicates that the reduction of
Ti0, deposited on silica has a higher activation energy barrier than that for the reduction
of anatase.

The amount of water formed by reduction of the SiO,-supported TiO, was
determined by integration of the peak near 900 K seen in Fig. 2.4 after subtraction of the
baseline. For the TiO,/SiO; sample with 0.9 Ti/nm2, the release of water was calculated
to be 2.28 umol H,O, which is equivalent to 8.38 umol O, per gram of sample.
Assuming one molecule of H,O is formed for each oxygen vacancy together with two
reduced Ti ions, i.e., [67]
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Ti*-O-Ti* + H, — Ti**-[-Ti*" + H,O (2.2)

then 1.9% of all Ti ions in this sample should be in the 3+ state after hydrogen reduction.
It is noted that in Eq. (2.2), after the removal of the oxygen atom, the former Ti-O-Ti
bond is assumed to contain a vacancy. It cannot be excluded, however, that one or both of
the Ti atoms are bound to OH groups which might migrate and change to a bidentate
configuration thereby increasing the coordination of the reduced Ti atoms.

We note that this measure of the extent of TiO, reduction may be subject to large
errors caused by the sensitivity to the means by which the baseline is subtracted.
Nevertheless, it is in reasonable quantitative agreement with the extent of TiO, reduction
determined by pulse O, reoxidation. A similar estimate of the amount of water released
upon reduction of anatase gave 1.65 pmol H,O, equivalent to 8.21 mmolO,/g, which,
using the stoichiometry of reaction (2.2), shows that 3.40% of all surface Ti atoms were
reduced to Ti**. This value was calculated using the BET surface area measured after the
reduction-reoxidation treatment and an assumed surface coverage of 10 Ti/nm”. As will
be shown below, this extent of reduction is in excellent agreement with results obtained
from pulse reoxidation. Integration of the H,O trace for the 2.6 TiO,/SiO, sample was not
possible, because the two water peaks could not be resolved.

2.3.3 Pulsed reoxidation

Plots of oxygen uptake for different reoxidation temperatures are shown in Fig.
2.4 for the TiO,/Si0, sample with 2.8 Ti/nm®. With increasing reoxidation temperatures
a larger number of pulses are needed to reach the saturation point, and the total oxygen
uptake increases. However, no changes in the total uptake were observed for
temperatures above 473 K. Complete reoxidation of the sample at temperatures above
473 K was confirmed by EPR spectroscopy: when a reduced sample containing 2.8
Ti/nm? was reoxidized pulsewise at 473 K in the EPR tube, only a very small residual
signal of the Ti’* species was observed (less than 0.1% of all Ti atoms in the sample).
The slightly incomplete reoxidation inside of the EPR tube may have been caused by the
less favorable flow conditions in the EPR tube compared to those in the reactor.

Assuming that each O, molecule reoxidizes 4 Ti** cations, [55] according to the
reaction:

2T -L-Ti** +0, — 2Ti*-O-Ti** (2.3)

then the maximum oxygen uptake (observed for reoxidation temperatures of 473 K or
above) of the TiO,/Si0, sample with 2.8 Ti/nm?> corresponds to 9.0% of all Ti cations,
which were in a 3+ state prior to reoxidation. The incomplete reoxidation of the
Ti0,/Si0, sample at temperatures below 473 K, suggests that a distribution of vacancy
types exits, some of which are more difficult to reoxidize than others.

Figure 2.5 shows the oxygen uptake per Ti atom for different TiO,/SiO, samples
plotted as a function of reoxidation temperature. The error bars increase with decreasing
TiO, loading because the uptake is plotted per Ti atom. It is noted that the maximum
uptake of O, per Ti atom decreases with decreasing TiO; loading. These data then show
that while 9.0% of the Ti atoms can be reduced in the TiO,/SiO, sample with 2.8 Ti/nmz,
only 1.4% of the Ti atoms can be reduced in the TiO,/SiO, sample with 0.2 Ti/nm>. Tt is
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also observed that the temperature required for complete reoxidation increases from 473
K for the TiO,/Si0, sample with 2.8 Ti/nm? to 673 K for the TiO,/Si0, sample with 0.2
Ti/nm?. Complete reoxidation of the samples was confirmed in several cases by EPR
spectroscopy. Consequently, the maximum uptake of oxygen measured by pulsed
reoxidation is equivalent to the amount of Ti** formed upon reduction. This conclusion is
further supported by the observation of the expected 2:1 ratio between the amount of H,O
formed during the TPR measurement and the amount of O, that was consumed during
pulse reoxidation. This ratio also indicates that Ti** is not formed by a reductive removal
of OH groups,

Ti-OH+%H, — Ti**+H,0 (2.4)

because in this case one H,O would equal to only one Ti**. The 2:1 ratio was also
observed for reoxidation of anatase. The maximum uptake observed at 473 K equals to
7.93 umol O,/g anatase, or 3.29% of all surface Ti atoms being reducible to the 3+ state.
This is in excellent agreement with the extent of reduction as observed by TPR.

Noticeable changes of the catalyst structure, such as a sintering of the TiOy
species or migration of Ti into the SiO, structure, do not occur during reduction or pulsed
reoxidation. For all samples, repeated measurements of reduction-reoxidation showed the
same uptake. If major changes to the samples had occurred during the reduction or the
reoxidation process, the uptake would decrease with repeated measurements.

The change in O, uptake as a function of the Ti loading is likely to be an effect of
the number of Ti-O-Ti bonds in the samples. Ti-O-Ti bonds are expected to lose the
oxygen atom more easily than Ti-O-Si bonds, which in turn are expected to lose their
oxygen bridge more easily than Si-O-Si bonds. This is due to the lower defect formation
energy of TiO, compared to SiO,, [24,68] and because in case of Ti-O-Ti the two
electrons left behind on removal of the oxygen atoms can be taken up by the two
neighboring Ti atoms, to form two Ti**. Si atoms, on the contrary, are not likely to
change their oxidation state to 3+. Neither a MCM-48 sample without TiO, grafted on it,
nor the Ti-MCM-41 showed any oxygen uptake at 773 K or 673 K, respectively, under
the same reduction and reoxidation conditions applied to TiO,/SiO; (results not shown).
The absence of an EPR signal for MCM-48 and the observation of a Ti’* signal hardly
distinguishable from the baseline in case of Ti-MCM-41 after both the samples had been
exposed to H; at 923 K confirms the irreducibility of Si-O-Si and Ti-O-Si bonds. The
result for Ti-MCM-41 also confirms that Ti** is not formed by reductive removal of Ti-
OH, since this process could, in principal, occur for Ti-MCM-41. Consequently, the
results suggest that oxygen can be removed only from Ti-O-Ti bonds.

A model of the TiO, layer was developed to assess whether the achievable extent
of reduction scales with the number of Ti-O-Ti bonds in the samples. Ti atoms
corresponding to a certain surface coverage were randomly distributed on a 100 x 100
matrix, and the expected number of Ti-O-Ti bonds was then determined as a function of
coverage. Full coverage was assumed to be 4 Ti/nm?, according to the value given in Ref.
3. Figure 2.6 shows a plot of the number of Ti-O-Ti bonds in [mol/g] contained in the
deposit (the left-hand ordinate) versus the Ti coverage in Ti/nm? and a plot of twice the
oxygen uptake in [mol/g] (the right-hand ordinate) versus Ti coverage. The factor two is
needed, because according to eq. (2.3) one O, molecule reoxidizes two Ti-O-Ti bonds.
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As can be seen, the increase of the number of Ti-O-Ti bonds with coverage predicted
from the model agrees qualitatively with the experimental data; however, the total
number of Ti-O-Ti bonds is almost two orders of magnitude higher than the oxygen
uptake, indicating that only about 2% of all Ti-O-Ti bonds can be reduced, suggesting
that the Ti-O-Ti bonds are not all equal.

It is likely that only Ti-O-Ti bonds in larger clusters of TiOy-species can be
reduced because it is easier to distribute or delocalize the charges induced by the removal
of the lattice oxygen atom. To test this hypothesis, the model was modified so that a Ti-
O-Ti bond could be reduced only if the condition is fulfilled that both Ti atoms in this
bond are fully surrounded by three more Ti-O-Ti bonds. Therefore, as soon as the central
Ti-O-Ti bond is reduced, the surrounding 6 Ti atoms become irreducible. The results
from this simulation are also plotted in Fig. 2.6, on the right axis, on the same scale with
the experimental oxygen uptake. Almost quantitative agreement is achieved for the
TiO,/MCM-48 sample with the highest weight loading of titania (2.8 Ti/nm?), and the
extremely low reducibility of the 0.2 Ti/nm” sample is also predicted well. However, the
experimentally observed O, uptake during pulse reoxidation of the samples with
intermediate Ti coverage (0.9, 1.5 and 1.9 Ti/nm?) is higher than the model suggests. This
might be due to a higher than expected clustering of the deposited TiO; resulting in part
from the tendency of titanium isopropoxide to graft onto silica in the form of dimeric
titania species,[ 69] which, in turn, could aggregate into larger than expected two-
dimensional domains of titania.

The higher temperature needed for complete reoxidation of TiO,/SiO, samples
with lower Ti loading very likely reflects differences in the nature and spatial distribution
of oxygen vacancies with TiO, surface density. At low TiO, surface densities, it is
reasonable to expect that there may be only one vacancy per TiOy patch, whereas at
higher TiO; surface densities each patch might be larger and may contain several oxygen
vacancies, or the TiOx patches are in closer proximity to each other. The mechanism by
which vacancies are removed upon reoxidation can be envisioned to be as follows. O,
adsorbs at a vacancy site to from an O, species, [55,70] probably as shown below:

Ti*-O-Ti** + 0, — Ti**-0,-Ti* (2.5)

The superoxide species thus formed then dissociates to form a Ti-O-Ti structure and a
peroxide structure:

Ti**-0,-Ti*-0*-Ti* — Ti*-0*-Ti*-0,*-Ti** (2.6)
Ti**-0,-Ti*"-0*-8i"* — Ti*-0*-Ti"*-0,”-Si" 2.7)

Reactions similar to (2.5) and (2.6) have been suggested to proceed in SiO,, [71-74] and
in the support of V/TiO; [39] and V/SiO; [75] catalysts. Depending on the size of the
TiOy patch and the location of the oxygen vacancy within it, the peroxide species could
be located between two Ti'* cations or between a Ti'* cation and a Si** cation.
Consumption of the peroxide species could then occur by Reactions (2.8) or (2.9) when
peroxide species are proximate to an oxygen vacancy, Viz.,

Ti*-0.>-Ti"*--Ti*"" — Ti*-0*-Ti"*-0*-Ti** (2.8)
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Sit*-0,*-Ti*"-[-Ti™* — Si*"-0”-Ti**-0*-Ti"* (2.9)

Recent theoretical studies have shown that the activation barrier for migration of peroxide
species through TiO, is significantly lower than through SiO,, [39,71,72,75] suggesting
that peroxide migration via the Reaction 2.5 should occur more rapidly than by Reaction
2.6. While admittedly speculative, the proposed mechanism of peroxide formation and
migration could explain the increasing ease of vacancy removal by reoxidation observed
with increasing loading of TiO, deposited on SiO,.

2.3.4 EPR spectroscopy

After the pretreatment with 10% Hjy/He at 923 K, the TiO,/SiO, sample with 2.8
Ti/nm? was dark blue, indicating the presence of Ti’* cations [42,55]. The EPR spectrum
of this sample shows an intense, slightly anisotropic paramagnetic signal centered around
g = 1.932 (Fig. 2.7). Even though this g value is lower than typical g values reported
previously for Ti*" in bulk TiO,, [17,76,77] it compares very well to g values reported for
surface Ti** on TiO,, [55,78] V/TiO, [79], or TiO, colloids [80]. This observation is
reasonable, since all Ti cations are located on the surface of our sample. Sub-surface or
bulk TiO; is not present.

Figure 2.7 also shows the EPR spectra taken of the 2.8 Ti/nm? sample after it was
reoxidized with O, pulses at different temperatures in the EPR tube. The EPR signal
assigned to Ti** decreases progressively in intensity the higher the reoxidation
temperature, but it does not disappear entirely at temperatures up to 373 K. This is in
agreement with the incomplete reoxidation of this sample seen in Figs. 2.5 and 2.6.

Apart from the paramagnetic Ti’* signal, all spectra of the partially reoxidized
sample showed a second paramagnetic signal centered around g =2.010. This feature is
absent in the fully reduced, non-reoxidized sample, so it has to be related to the presence
of oxygen. The g value is in agreement with values reported for oxygen radical species
such as O, or O on TiO; or Ti/Si0,, [55,81-83] but signals of those species are expected
to be anisotropic and to have components of the g tensor closer to 2.00 [55,81]. It is
possible that some of the anisotropic components might overlap with the Ti’* signal and
thus be invisible. However, the O, radical in particular would have the g,, component
with an absorbance profile at around g = 2.025, [55,81] which was not observed.
Medium-polarized conduction electrons in reduced TiO; have been observed at a g value
close to that of a free electron at 2.0023 [55,81]; however, the amorphous TiOy species
present in the samples studied here are not likely to have a conduction band. Thus, it
seems that the most reasonable assignment of the signal at g =2.010 is to an O species.

The amount of Ti** formed upon reduction of TiO,/Si0, samples can be
determined by pulsed reoxidation, as was shown earlier (see Figs. 2.5 and 2.6). It is,
therefore, possible to correlate the strength of the observed EPR signal observed after
sample reduction with the amount of Ti’* in the sample determined by the amount of O,
required to completely reoxidize the sample. For this purpose, it is very important to
keep the EPR measurement conditions precisely the same for all measurements, including,
for example, the sample volume, the shape and wall thickness of the EPR tube, the exact
position of the sample in the cavity of the EPR spectrometer, and the temperature of the
sample and the EPR laboratory [84]. For the measurements reported here, the sample
mass was similar for all samples (17.0+0.3 mg). Due to similar packing densities of the
different samples, the volume of the each sample was virtually the same. The EPR tubes
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used are similar in shape and originate from the same package (WILMAD labglass, 707-
SQ-250M). The sample was positioned inside the cavity with the sample center as close
as possible to the cavity center, which is the recommended position for quantitative EPR
spectroscopy [84]. Spectra for all samples were measured on the same day in an air-
conditioned laboratory, so the ambient conditions in the lab are assumed to be virtually
the same for all samples. The sample temperature was adjusted to 12 + 2 K.

The spectra obtained under the conditions described above were integrated twice
— the first integration being necessary to account for the differential plot of EPR spectra —
and the signal area can be correlated to the amount of Ti** in the sample. The correlation
thus obtained is presented in Fig. 2.8. It should be noted that the amount of Ti’* was
determined by reoxidation of the same sample at the same temperature in the flow reactor.
Due to the numerous sources of error which have been identified for quantitative EPR
spectroscopy, [84] the data points in Fig. 2.8 display a fairly large scatter, but it is
obvious that a linear correlation between Ti** amount and signal area is obtained with a
correlation factor of R* = 0.984. Two measurements were conducted to test the
reproducibility of both the EPR measurements and the sample preparation. The 2.8
Ti/nm? sample reoxidized at 343 K was measured twice, the second time after removing
it from the cavity and reinserting it. Both points are marked with the rectangle A in
Fig. 2.8 and they almost coincide with each other, indicating the high accuracy of the
EPR spectroscopic measurement. Furthermore, two reduced samples with 2.8 Ti/nm?
were identically prepared in different tubes and the results with these two samples are
marked by rectangle B in Fig. 2.8. Even though the difference between these two points
is larger (the difference in the amount of Ti’* in these samples is caused by a slightly
different sample mass), the results indicate that the sample pretreatment method leads to
generally consistent data.

2.3.5 Temperature-programmed oxidation of methanol

The temperature programmed oxidation of methanol was performed in order to
study the state of reduction of the TiO,/SiO, sample with 2.8 Ti/nm? under reaction
conditions relevant for the catalytic process. Figure 2.9 shows the products formed
during the oxidation of methanol on TiO,/Si0, (2.8 Ti/nm?) by temperature-programmed
reaction. The principal product observed is formaldehyde. Some dimethyl ether (DME)
and methyl formate (MF) are also produced, and at higher temperatures, decomposition
of methanol to CO and H, occurs and some CO; is formed. The results are in agreement
with reaction data reported in Ref. 3. As is expected from the absence of crystalline TiO,
in all samples, DME is not formed in large quantities [3,11].

The correlation presented in Fig. 2.8 can be used to estimate the amount of Ti** in
differently pretreated sample with an unknown extent of reduction. Fig. 2.10 curve b
shows the EPR spectrum of the 2.8 Ti/nm? sample after it had undergone methanol
oxidation in a temperature-programmed reaction (TPRx) experiment under conditions
comparable to those used to obtain the data shown in Fig. 2.9. After 823 K was reached,
the sample was purged with He and cooled to room temperature rapidly, before the
pressure in the tube was reduced and the tube was sealed. This spectrum is compared
with that obtained after reduction of the same sample of TiO,/SiO, with H, (Fig. 2.10
curve a). Note that the intensity of the spectrum of the sample acquired after H, reduction
was divided by a factor of 100, to facilitate displaying on the same scale as that used for
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the sample taken after TPRx. The spectrum taken after TPRx exhibits both the
paramagnetic signal of Ti** and the signal at g = 2.010. The amount of Ti’* after TPRx is
estimated by double integration of the Ti** signal and comparison of the area obtained
with the correlation curve. By this means, it was established that about 0.22% of the Ti in
this sample is present as Ti’* after reaction.

It is possible that the reduction of TiO, observed after methanol oxidation in
TPRx was caused when the sample was purged in He after reaction. Figure 2.10 curve ¢
displays the EPR spectrum of the 2.8 Ti/nm” sample after it had been heated in He to
923 K and held at that temperature for one hour, a higher temperature and much longer
time than those used for purging after TPRx. The high-temperature pretreatment of the
sample in He resulted in a Ti** signal equivalent to 0.04% of the Ti in the sample, which
is significantly less than that observed after TPRx. Thus, it is concluded that the level of
TiO; reduction observed after methanol oxidation by TPRx is representative of the state
of the catalyst at the highest reaction temperature.

2.4 Conclusions

Submonolayer deposits of TiO, have been prepared on mesoporous silica
(MCM-48) by grafting. Raman spectroscopy shows that the deposited TiO, is bonded to
the silica, where as UV-Visible and Raman spectroscopy suggest that the titania deposit
is present in the form of two-dimensional clusters that exhibit an increasing number of
Ti-O-Ti bonds with increasing Ti surface coverage. The deposited TiO, undergoes
reduction in H; at temperatures near 900 K via the reaction

Ti*-O-Ti" +H, — Ti**-0-Ti** + H,0

The extent of reduction can be determined by the amount of water formed during
H; reduction and by the amount of O, required to reoxidize the vacancies formed. The
presence of surface Ti** cations formed upon reduction of TiO,/Si0, are detected by the
appearance of an EPR signal at g = 1.932. This feature disappears completely upon
sample reoxidation. The maximum extent of reduction depends on the Ti loading, a larger
amount of oxygen being removed the higher Ti surface coverage. It is also found that the
temperature needed to fully reoxidize the titania deposit increases with decreasing titania
coverage. A linear relationship was determined between the Ti’* EPR signal and the
extent of reduction of the deposited titania. Using this relationship, it was established that
a small fraction of the Ti atoms in deposited titania remain as Ti’* during the oxidation of
methanol.
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Table 2.1: Ti weight loading, BET surface area (single point) and average pore radius of samples used in
this study.

Sample Tiloading BET surface area  Average pore radius
nm?]  [m’g’] [A]

2.8 Ti/SiO, | 2.8 923 10

2.6 Ti/SiO, | 2.6 782 11

1.9 Ti/SiO, 1.9 809 11

1.5 Ti/SiO, 1.5 825 11

0.9 Ti/SiO, | 0.9 1018 10

0.2 Ti/SiO, | 0.2 1396 10

Ti-MCM-41 | 0.13¢ 1100 10.8

Anatase 10” 100 (58.0° 8.2¢

‘estimated under the assumption of 100% exposed Ti atoms
Pestimated from geometry of anatase (101) surface
“measured after reduction-reoxidation treatment

605 cm”

480 cm” 1079 cm’”

922 ¢m’

200 400 600 800 1000 1200 1400
Raman shift [cm™]

Figure 2.1. Raman spectrum of 2.8 TiO,/Si0O,. The sample was heated to 773 K and then cooled under
flowing UHP He before the spectrum was acquired at ambient temperature.
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Ti surface coverage [Ti nm?]

Figure 2.2. UV-Visible edge energy as a function of the Ti surface coverage; TiO,/MCM-48 samples (this
work, red squares), Ti-MCM-41 (this work, pink diamond), TiO,/SiO, (Ref. (15), blue triangles), TiO,
(anatase) (this work, purple circle).
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Figure 2.3. Mole fraction of H,O formed during temperature-programmed reduction in 30 cm*/min 10%
H,/He; 2.6 TiO,/SiO;, (black), 0.9 TiO,/SiO, (blue), MCM-48 (red), Ti-MCM-41 (green), high surface area
anatase (purple).
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Figure 2.4. Uptake of oxygen during pulsed reoxidation at different temperatures for 2.8 TiO»/SiO,; 673 K
(purple), 473 K (red), 423 K (pink), 373 K (blue), 343 K (green), 313 K (black).
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Figure 2.5. Maximum O, uptake during pulsed reoxidation as a function of temperature for 2.8 TiO,/SiO,
(black squares), 1.9 TiO,/SiO, (blue triangles), 0.9 TiO,/Si0O, (red circles), 0.2 TiO,/SiO, (green
diamonds).
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Figure 2.6. Comparison of the experimental O, uptake (black squares) with the theoretical number of Ti-O-
Ti bonds (grey line) and the number of theoretically reducible Ti-O-Ti bonds for groups of eight (black
line).
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Figure 2.7. EPR spectra of 2.8 TiO,/SiO, reoxidized with O, pulses at different temperatures in comparison
with the spectrum of a fully reduced sample (grey); reoxidation temperature: 313 K (black, solid), 343 K
(black, dashed), 373 K (black, dotted).
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Figure 2.8. Correlation of signal area obtained from double integration of the Ti** signal to the amount of
Ti™* as determined from pulsed reoxidation; 2.8 TiO,/SiO, and 1.9 TiO,/Si0, samples reoxidized at
different temperature used to generate the curve; rectangle A: 2.8 TiO,/SiO, sample, reoxidized at 343 K,
two measurements, after removing and reinserting sample from the cavity, rectangle B: 2.8 TiO,/Si0,
sample, fully reduced, two measurements of two samples pretreated in the exact same way.
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Figure 2.9. Temperature-programmed reaction profiles of 2.8 TiO,/SiO,, displaying the concentrations of
CH;0H (purple), H,O (blue), formaldehyde (dark green), CO (cyan), CO, (bright green), H, (red), DME
(gray) and MF (orange); reaction conditions: 6% CH;O0H/7.5% O,/He, 1.4 CH;0OH cm’ min™ per Ti atom,
temperature ramp - 2 K/min from 363 K to 823 K.
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Figure 2.10. EPR spectra of 2.8 TiO,/Si0, after different pretreatments; a) after reduction (10% Hy/He, 4
K/min to 923 K, hold 1 h), intensity divided by factor 100; b) after methanol oxidation TPRx (6%
CH;0H/7.5% O,/He, 2 K/min to 823 K, then rapid cooling in He); c) after heating in He (4 K/min to 923
K, hold 1 h).
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Chapter 3

An Experimental and Theoretical Investigation of the Structure and Reactivity of
Bilayered VO,/TiO,/SiO, Catalysts for Methanol Oxidation

Abstract

This study reports the results of a combined experimental and theoretical
investigation of a bilayered VO,/Ti0,/SiO, catalyst consisting of vanadia deposited onto
silica containing a submonolayer of titania. Raman spectroscopy indicate that Ti atoms
are bonded to the silica support via Ti-O-Si bonds, and Raman and EXAFS data indicate
that the vandia is present as isolated vanadate groups bonded to the support through V-O-
Si and V-O-Ti bonds. For a fixed vanadia surface density (0.7 V/nmz), the turnover
frequency for methanol oxidation to formaldehyde increases with increasing Ti surface
density (0.2 to 2.8 Ti/nm?) and the apparent activation energy decreases. These trends are
well represented by a model of the active site and its association with Si and Ti atoms of
the support. This model takes into account the distribution of Ti on the silica support, the
fraction of active sites with 0, 2, and 3 V-O-Ti support bonds, and the rate parameters
determined for each of these active sites determined from quantum chemical calculations
and absolute rate theory.

3.1 Introduction

The selective oxidation of methanol to formaldehyde has been shown to be
catalyzed by isolated vanadate groups supported on metal oxides, such as SiO,, Al,Os,
TiO,, ZrO,, and CeO, [1-8]. The structure of the active center has been deduced from
evidence obtained by EXAFS and Raman spectroscopy; it consists of a central V atom
bonded to the support through three V-O-M bonds (M = Si, Al, Ti, Zr, Ce) and a single
V=0 vanadyl bond [7,8]. The activity of these sites strongly depends on support
composition [1,2,5,7,8]. For example, the turnover frequency (TOF) for methanol
oxidation on VO,/TiO; is roughly 10° higher than that for VO,/SiO, at the same reaction
conditions. Previous studies have concluded that the activity of the vanadate sites
increases with decreasing Sanderson electronegativity of the support metal cation [2,5,9].
While this interpretation leads to a good correlation of catalyst activity with Sanderson
electronegativity, it is not supported by compelling theoretical arguments. For instance,
if the Sanderson electronegativity of the support metal cation were the sole reason for the
increased activity, then the thermodynamics of the adsorption step would vary greatly
because it is the only step involving the metal support atom. Since the adsorption energy
of methanol on different metal oxide supports is comparable [5], a large variation in
entropy must then exist, which is unlikely for the same reaction. By contrast, a recent
theoretical study aimed at understanding the higher activity of VO,/TiO, relative to
VO,/Si0; has shown that O-vacancies in TiO; can increase the reaction rate by lowering
the activation energy of the rate-determining step [10]. Sub-monolayer quantities of
titania dispersed on silica have also been found to increase the activity of dispersed
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vanadia by over an order of magnitude [11-14]. The aim of the present work was to
develop a deeper understanding of the origins of enhanced activity of isolated vanadate
species supported on silica containing submonolayer quantities of titania. To this end,
theoretical and experimental studies were carried out to understand the role of Ti atoms in
bilayered VO/TiO«/Si10; catalyst. Samples were characterized by X-ray absorption near-
edge spectroscopy (XANES), extended X-ray absorption fine structure (EXAFS), and
Raman spectroscopy. The rate parameters involved in the oxidation of methanol were
determined using density functional theory (DFT) and absolute rate theory.

3.2 Experimental Methods

A mesoporous silica support with high surface area, MCM-48, was prepared as
described previously [7]. The BET surface area was measured by N, physisorption with
an Autosorb-1 instrument. Prior to N, adsorption/desorption measurements each sample
was treated under vacuum for 12 h at 393 K. The single point BET method was used to
determine the surface area, and the total pore volume was calculated from the desorption
isotherm using the method of Barrett, Joyner, and Halenda (BJH). The concentration of
silanols on the MCM-48 support was determined by reacting Mg(CH,Ph),*2THF with the
Brgnsted acid sites and monitoring the evolved toluene by 'H NMR using a known
quantity of ferrocene as an internal standard [15].

Prior to each metal grafting step, the MCM-48 support was heated to 393 K under
dynamic vacuum (< 27 Pa) to remove any physisorbed water. Titanium was grafted
under a N, atmosphere onto the MCM-48 via impregnation with a solution of Ti(O'Pr),
dissolved in approximately 60 cm® of anhydrous toluene. The mixture was stirred for 4 h
at ambient temperature, and then rinsed 2-3 times with ~60 cm® anhydrous toluene per
rinse before drying under vacuum. The as-prepared catalyst was then transferred to a
furnace under inert atmosphere, where it was treated in He flowing at a rate of 50
cm’/(min g-catalyst) and heated at 2 K/min from 298 to 573 K. Dry air flowing at 50
cm’/(min g-catalyst) was then passed over the sample as the temperature was ramped at 2
K/min from 573 to 773 K, where it was held for 4 h. Subsequent Ti grafting steps were
performed in the same manner to increase the surface coverage of Ti. Vanadium was
grafted onto the previously prepared TiO,/SiO, sample via impregnation with a solution
of O=V(O'Pr); in 60 cm’ anhydrous toluene in a manner analogous to that used to graft
Ti onto the support.

Catalyst metal weight loadings were determined by inductively coupled plasma
(ICP) at Galbraith Labs. The surface densities of Ti and V were calculated based upon
the surface area of the catalyst determined by N, physisorption after metal grafting.

Raman spectra were recorded with a 532 nm frequency-doubled Nb:YAG laser
using 25 mW power measured at the sample. The catalyst was pressed into a 20 mg
pellet at 28 MPa and was then pretreated in flowing air at 60 cm’/min from 298 to 773 K.
Heating at 773 K was continued for at least 1 h to reduce the fluorescence background.
Samples were mounted onto a holder and were rotated at 150 Hz in a quartz Raman cell
to prevent sample damage by the laser. Spectra were recorded at a resolution of 2 cm™
with a collection time of 2 s at room temperature after pretreatment.

X-ray absorption spectroscopy (XAS) measurements were performed at the
Stanford Synchrotron Radiation Laboratory (SSRL) on beam lines 2-3 and 10-2 using a
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Si (111) crystal. Data were acquired at the V and Ti K-edges and the energy was
calibrated using a metal foil placed between two ionization chambers located after the
sample. The metal edge was calibrated to the first inflection point of the main peak for V
and Ti and set to 5465 and 4966 eV, respectively. Sample weights were calculated to
obtain an absorbance of ~2.5 in order to obtain the optimal signal to noise ratio [16], and
boron nitride was added to make a self-supporting pellet. Samples were placed in a
controlled-atmosphere cell that could be heated up to 823 K in the presence of flowing
gas [17]. The cell was evacuated to 6 x 10™ Pa at ambient temperature and cooled to 84
K before collecting the XAS data. XANES measurements were taken under flowing
gases at reaction temperature.

The XAS data were analyzed with the software IFEFFIT and its complementary
GUIs Athena and Artemis [18, 19]. The edge energy of the sample was defined as the
first inflection point after the pre-edge feature. The data were normalized by subtracting a
pre-edge line fit to the data from -150 to -30 eV relative to the edge energy, then a
quadratic polynomial was fit with a k-weight of two to the data from 150 to 950 eV for
EXAFS and 100 to 300 eV for XANES, both relative to the edge energy. A cubic spline
was then fit to the data from 0 to 15.6 A™ with background frequencies below 0.9 A
minimized and subtracted from the data to obtain the EXAFS signal. Finally, the EXAFS
data were Fourier transformed with a Hanning window over a range from 2 to 11 A to
optimize the signal to noise ratio. The oxidized samples were fit with k-weights of 1, 2,
and 3 in the range 0.9 <R <3.4 A.

Temperature programmed reaction (TPRy) measurements were performed after
treating the catalyst to 773 K under UHP 20% O,/balance He for 1 h. Ultra high purity
(UHP) He and O, were flowed through a methanol saturator held at a constant
temperature of 273 K to maintain a reactant mixture of 0.04:0.07:0.89 MeOH:0O,:He at a
total pressure of 101 kPa. The temperature was ramped from 373 to 773 K at 2 K/min,
and the composition of the effluent gas was monitored with a Cirrus quadrupole mass
spectrometer. The intensities of the peaks recorded for each product were normalized
using He (mass 4) as the internal standard. Species concentrations were obtained by
inverting the raw data using matrix deconvolution and a calibration matrix.

3.3 Theoretical Methods

Density functional theory (DFT) was used to determine optimized geometries,
vibrational frequencies, and thermodynamic properties for all species. All DFT
calculations were performed within QChem 3.0 [20]. The B3LYP functional and 6-31G*
basis sets were used for all atoms, except for Ti and V, which were treated using an
effective core potential and LANL2DZ basis sets. All atoms were allowed to relax
during geometry optimization calculations. The calculated vibrational frequencies were
scaled by 0.9614 to account for the overestimation predicted at the B3LYP/6-31G* level
of theory [21].

The growing string method (GSM) [22, 23] was used to determine an initial guess
of the transition state geometry. The transition state estimate was then refined by
performing a transition state search using the eigenvector following (EF) algorithm in
QChem 3.0. Each transition state search consisted of three parts: (1) an initial analytical
Hessian calculation, (2) a transition state optimization, and finally (3) a frequency
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calculation to verify the presence of one imaginary frequency corresponding to the
motion of atom(s) associated with the transition state. The broken symmetry approach
[24, 25] was used to calculate the activation energy for reactions involving a biradicaloid
electronic structure with multiple spin states, as described in previous work [10,26,27].
The Landau-Zener probabilities for spin-surface crossing reactions [28-30] were
calculated, as done previously [31]. The rate constant for spin-surface crossing was
~10°-10" times greater than the rate constant for the rate-limiting step at 550 K for all
cases. To obtain more accurate estimates of the reaction and activation energies, single-
point calculations were performed on all optimized reactant, product, and transition state
geometries. All basis sets were augmented to include diffuse and polarization functions;
for instance all non-metal atoms were treated using the 6-311++G** basis sets.

The Gibbs free energy for all structures was calculated using the standard
equations from statistical mechanics [32,33]. The translational, rotational, and
vibrational partition functions were computed explicitly, as done in previous work [10,
27]. The standard state for all Gibbs free energies reported in this work was 550 K and

has been denoted as AG". The standard state used for gas-phase species was taken to be
1 atm, and a mole fraction of 1 was used for all vanadia species.

3.4 Results and Discussion

3.4.1 Catalyst Characterization

The single point BET surface area ranged from 1522 to 1567 mz/g for MCM-48
before grafting. These surface area measurements are consistent with values reported in
the literature for samples up to 1600 m2/g [34, 35]. Total pore volumes of the silica
support ranged from 0.84 to 0.87 cm’/g, consistent with previously reported values [7].
The concentration of silanols on the support was 1.69 OH/nm?, which is similar to values
reported for silica heated to 723 K [36]. The surface area decreased to ~1000 m?/g after
grafting V and Ti, for all but the lowest Ti weight loading, as shown in Table 3.1.
Similar values for the surface area have been reported previously [34].

The metal weight loadings for all catalysts are shown in Table 3.1. Five catalysts
with varying Ti coverages were synthesized, including a reference sample without Ti.
The vanadium surface coverage for each sample was held constant at 0.7 V/nm? to ensure
isolated vanadate sites [7], except in the sample without Ti present, as trace amounts of
V,0s5 were detected on VOy/S10, from Raman spectroscopy at that coverage.

The Raman spectra in Figure 2.1 of the MCM-48 support show broad peaks
centered at 607 and 458 cm’! indicative of the D, and D; bands of silica, respectively [36].
The spectrum of the TiO/SiO, supports show additional peaks at 918 and 1080 cm™,
indicative of Si-O-Ti vibrations [37, 38]. Peaks were not observed at 146, 197, 397, 516,
640, 800 cm™ or 143, 447, 612, 826 cm’', characteristic of anatase [8] or rutile [35],
respectively. For this reason it is concluded that all of the Ti is atomically dispersed on
the surface of MCM-48.

As seen in Figure 2.1, the Raman spectrum taken after grafting vanadium onto the
support shows a vanadyl band at 1037-1039 cm™. The frequency of this band is
consistent with what has been reported for vanadium supported on SiO, [7] and
TiO4/Si0; [39] and matches the vanadyl frequency shown for 0.3 VO,/SiO,. Broad
bands at 500-800 cm™ and 200-300 cm™ corresponding to V-O-V vibrations were not
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observed nor were bands at 998, 702, 529, or 287 cm'l, characteristic of V,0s [40]. No
evidence of crystalline TiOx was seen upon V grafting, indicating that by the absence of
anatase or rutile in the sample. The peak at 607 cm™ is attributed to 3-ring siloxane
bridges and shifts towards a broad peak centered at 659 cm™ upon V grafting, which
could indicate V-O-Ti bonds [41].

EXAFS and XANES data were acquired at both the V and Ti K-edges.
Examination of the edge energy of Ti in each sample indicates that it is predominantly in
the 4+ oxidation state. Farges et al. [42] have shown that the height and energy of the
pre-edge feature can indicate the coordination of Ti** species. Figure 3.2 shows that the
pre-edge energy of 4979.7 eV is consistent with 4-coordinated Ti [42], but the height of
the pre-edge feature for 0.9TiO4/S10; and 1.4TiO,/Si10; is lower than that found typically
for a fully allowed transition. A reference scan of anatase was used to align the energy
with the data of Farges et al. [42]. These authors propose that a smaller than expected
pre-edge peak could be indicative of a mixture of 4- and 5-coordinated or 4- and 6-
coordinated Ti. A lower pre-edge height, however, can also be attributed to a distorted
tetrahedral geometry from HO-Ti(OSi-); that one would expect to see upon grafting and
activation on the surface of the silica support [43], as a consequence of lower 3d-4p Ti
orbital hybridization and less overlap with the 2p O orbitals than could be observed for
the purely tetrahedral case. Most likely, both factors contribute to the reduction in the
pre-edge peak, with coordination effects resulting in a lower peak for 1.4 TiO4/SiO; than
0.9 TiO4/Si0:s.

After grafting V onto the 0.9 TiO,/SiO, samples, the Ti K-edge energy did not
change but the pre-edge feature decreased from 0.49 to 0.26, indicating an interaction
between V and Ti after grafting and activation. Interestingly, the pre-edge feature
decreased in the higher Ti loading sample to 0.37, but the decrease was less than that for
the 0.9 TiO4/Si0, sample. This result is expected, since for a given quantity of V-O-Ti
interactions, the 1.4 Ti sample would have a smaller fraction of Ti interacting with V than
the 0.9 Ti sample, and hence, the average effect on the XANES would be less
pronounced. Therefore, the smaller decrease in pre-edge intensity for 0.7 VO/1.4
TiO4/Si10; relative to 0.7 VO4/0.9 TiO4/Si0; is most likely a result of a smaller fraction
of the Ti interacting with V.

Examination of the V K-edge indicates that most of the vanadium is in the 5+
oxidation state, since the edge energy, 5484.34 eV, is consistent with the edge energies of
both V,0s5 and NaVOs3, 5484.58 eV and 5482.78 eV, respectively, as shown in Figure 3.3.
In addition, the height of the pre-edge feature, which reflects the hybridization of the
metal 3d and 4p orbitals, is consistent with a 5+ oxidation state. The V K-edge XANES
for the other VO,/TiO4/Si0; samples and 0.3 VO/SiO; are the same as for 0.7 VO,/0.9
TiO,/Si0, and are not shown.

The fit of the V K-edge EXAFS data for 0.7 VO,/0.9 TiO,/SiO,, shown in Figure
3.4, indicates that there are two oxygen shells at 1.58 + 0.01 A and 1.77 + 0.01 A. The
shorter V-O bond distance is consistent with a vanadyl oxygen, while the longer bond is
indicative of a V-O single bond [7] possibly connected to a Si or Ti atom. A Si shell was
fit with a V-Si distance of 3.32 + 0.19 A from the absorbing vanadium. A backscattering
Ti atom was fit to the data at a distance of 3.34 + 0.05 A, which could be indicative of
either a V or Ti backscattering atom because of the closeness in the atomic numbers of
the two atoms, but is more likely attributable to Ti because of the appearance of a Raman
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peak at 659 cm’', characteristic of V-O-Ti vibrations [40], and the reduction in Ti pre-
edge intensity in the Ti XANES. These measurements are summarized in Table 3.2, and
more details of the fit can be found in the supporting information for this catalyst. The
bond distances obtained from fitting the EXAFS data for the other VO,/TiO,/Si0O;
samples were similar to those obtained for the 0.7 VO,/0.9 TiO,/SiO, sample.

3.4.2 Catalysis

The results of TPRy studies for each of the VO,/TiO4/SiO, catalysts are
qualitatively similar. The TPRy results from the 0.9 Ti grafted sample are shown as a
representative case in Figure 3.5. For each catalyst sample, CH,O and H,O are formed in
a 1:1 ratio at the onset of methanol oxidation. As the temperature rises, CH,O
decomposes to form CO and H,, which rapidly reacts to form water, and a small fraction
of the CO undergoes oxidation to CO,. The primary difference between VO,/SiO, and
the samples of VO,/TiO4/SiO; is the temperature at which CH,O first appears. The peak
temperature shifts from 700 K for VO,/Si0; to 573 K for all samples except the lowest Ti
weight loading, even though the production of formaldehyde begins at the same
temperature for all samples with Ti.

Figure 3.6 shows an Arrhenius plot with the apparent activation energy for each
catalyst. These results may then be compared to those reported by Bronkema et al. on
titania-supported vanadium [7, 8]. The apparent activation energy measured for the
VO,/TiO/S10; samples ranges from 21 kcal/mol (for the 0.7 VO,/0.2 TiO,/Si0, sample)
to 18 kcal/mol (for the 0.7 VO/2.8 TiO4/SiO, sample). These values fall between those
for VO/SiO; (23 kcal/mol) and VO,/TiO, (16 kcal/mol), demonstrating that the
activation energy of the reaction decreases as the loading of Ti increases.

3.4.3 Theoretical Representation of VO,/TiO,/SiO,

Based on the experimental results indicating the presence of isolated V sites, the
titania-silica support was represented by a model similar to that used to represent isolated
vanadate sites on silica [26, 27] and titania [10], as shown in Figure 3.7. In this model,
the support is represented as a silsesquioxane structure (cubic SigOj,Hg with terminating
H atoms), containing either all Si or Ti atoms. The silsesquioxane model was found in
previous work [27] to provide a very good estimate of experimentally measured bond
lengths, bond angles, D; and D, breathing modes, and coordination environment of Si.
The vanadate species is then introduced by removing one of the corner Si or Ti atoms and
replacing it with a V=0 unit. The optimized geometries of such cluster representations of
VO,/Si0; and VO,/TiO, were shown to agree closely with experimental measurements,
and yielded estimates of the reaction energetics and the rate parameters for methanol
oxidation that corresponded closely to those measured experimentally [10, 27]. Although
these DFT calculations considered 4-coordinated Ti cluster models, the geometry,
vibrational frequencies, and adsorption energies for small molecules were shown to be in
good agreement with more extensive slab calculations and with experimental values,
where surface Ti atoms are generally 5-coordinated [10].

The cluster model used previously to describe VO,/SiO, was modified by
systematically increasing the number of Ti atoms by replacing Si atoms in order to
increase the number of V-O-Ti support bonds from zero to three. Active sites with and
without an O-vacancy were considered for species with one or more V-O-Ti support
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bonds. O-vacancies have been shown to play a role in the enhanced activity of VO,/TiO,
[10] and have recently been observed on TiO./SiO, samples identical to those used for
this study (see Supporting Information). All sites comprised of three V-O-Si support
bonds were assumed to be free of O-vacancies because formation of an O-vacancy from a
Si-O-Si bond in silica is energetically much less favorable than from a Ti-O-Si bond or a
Ti-O-Ti bond in titania. For instance, the defect formation energy on SiO; is 196
kcal/mol (8.5 eV), [44] compared to 98 kcal/mol (4.27 eV) on the anatase phase of TiO,
[45] and 46 kcal/mol (1.98 eV) on V,05 [45]. O-vacancies next to isolated V atoms are
excluded because DFT calculations introducing such a vacancy result in the
rearrangement and loss of the vanadyl oxygen in the active site, thereby forming a V>*
species. Likewise, since the energy to form a vacancy at a Si-O-Ti bond is higher than
that for the formation of a vacancy at a Ti-O-Ti bond, only vacancy formation involving
the latter type of bond vas considered. The seven different optimized active site
geometries are shown in Figure 3.7 and are denoted by the number of V-O-Ti support
bonds (zero to three) and the presence or absence of an O-vacancy (represented by d ) as
species 0, 1, 1d, 2, 2d, 3, and 3d. The replacement of terminal H atoms with terminal —
OH groups resulted in no change in the optimized geometries or reaction energies for the
active sites.

The geometries and frequencies of the seven active sites are in good agreement
with the EXAFS and Raman measurements observed experimentally, as seen in Table 3.2.
Where multiple bond lengths or vibrational frequencies are listed, these correspond to the
lower and upper values for all active sites shown in Figure 3.7. A single theoretical value
is listed when the bond length or vibrational frequency is identical for all seven species.
The theoretical and experimental V=0 and V-O bond lengths are in good agreement and
differ by less than 0.2 A; indeed, the calculated V-Si and V-Ti lengths differ by no more
than 0.06 A from experimental values. The differences between the cubic cluster model
of the active site and the structure of the actual catalyst site may be the cause of the small
elongation in the V-Si and V-Ti distances. Lastly, the calculated V=0 stretch and the
symmetric and asymmetric Si-O-Ti stretches agree well with experimental results. The
calculated V=0, V-0O-Si, and V-O-Ti stretching frequencies do not change significantly
as the number of V-O-Ti support bonds is increased. The good agreement between
theory and experiment in Table 3.2 suggests that the species shown in Figure 3.7 should
provide a reasonable representation of the active sites on the bilayered support.

3.4.4 Theoretical Modeling of Methanol Oxidation Kinetics

Methanol adsorption on the active sites shown in Figure 3.7 can be achieved by
cleaving a V-O-Si or V-O-Ti support bond to form a V-OCHj; species and a Si-OH or Ti-
OH species. Previous theoretical calculations have shown that while formation of a V-
OH species and a Si-OCHj3; or Ti-OCHj species are possible, they are not preferred
energetically [10, 27]. Experimental work has also shown that V-OCHj3 species are
precursors for the formation of formaldehyde [1, 5-8].

The adsorption energy for methanol, AE , , was calculated for each of the seven

active sites and is shown in Table 3.3. Cleavage of both the V-O-Si and V-O-Ti support
bonds was considered for all cases. AE_, was found to be insensitive to the number of

V-O-Ti support bonds and to sites with and without an O-vacancy, ranging from -15.5
kcal/mol for an all SiO, support (species 0) to -15.4 kcal/mol for species containing 3 V-
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O-Ti support bonds (species 3 and 3d). The small range of calculated values of AE ,

suggests that the support has little intrinsic electronic effect during methanol adsorption.

For all sites that do not contain an O-vacancy and have at least one V-O-Si
support bond (species 0, 1, and 2), the V-O-Si bond is the preferred bond to break upon
methanol adsorption. However, the reverse is observed for sites that contain an O-
vacancy and at least one V-O-Si support bond (1d, 2d), in which cae the V-O-Ti bond is
broken preferentially by 1.0 to 1.5 kcal/mol. Despite the small difference in MeOH
adsorption energy across either the V-O-Ti or V-O-Si bonds, the overall rate for methanol
oxidation on sites containing an O-vacancy is one to two orders of magnitude higher than
on sites not containing an O-vacancy.

The rate-limiting step in methanol oxidation involves abstraction of one of the
three methoxy H atoms to the vanadyl O atom. The broken symmetry approach was used

to calculate the activation energy for this step (AE’ ) because the oxidation state of V

rls
changes from V>* with zero d electrons in the reactant to V** with two unpaired d
electrons in the product [26]. The activation energies for each of the active sites in

Figure 3.7 are shown in Table 3.3. For sites without an O-vacancy, AE’ decreases

rls
slightly with increasing number of V-O-Ti support bonds — from 39.8 kcal/mol for
species 0 to 38.6 kcal/mol for species 3. For sites with an O-vacancy, AE? decreases

rls

with increasing number of V-O-Ti support bonds more dramatically — from 38.6 kcal/mol
for species 1d to 34.3 kcal/mol for species 3d. The reason for the large decrease in AE?

rls
for sites with an O-vacancy is the increased flexibility of th