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The use of in situ Raman spectroscopy to study the molecular structures of supported metal oxide catalysts
under different environments is reviewed. The molecular structures under ambient (hydrated) and
dehydrated conditions are presented. The effect of moisture at elevated temperatures is also presented and
discussed with regard to its implications for catalytic phenomena. The molecular structural transformations
during C,—C, lower alkane (LPG) oxidation, methane oxidation, methanol oxidation and selective catalytic
reduction of NO with NH; reaction conditions are presented. In situ spectroscopy during catalytic reaction
with simultaneous activity/selectivity measurement (‘operando’ spectroscopy) is emphasized owing to its
contribution to the fundamental understanding of catalytic performance. The reducibility of the different
surface metal oxide species, the relevance of surface coverage (surface monomeric vs polymeric species)
and the specific oxide support are discussed when LPG, methane, methanol or hydrogen is the reducing
agent. In situ Raman spectroscopy provides molecular-level information about the surface metal oxide
species: structures, stability and transformations under different environments. In many cases, the use
of complementary spectroscopic techniques results in a more complete understanding of the molecular
structure—activity/selectivity relationships for supported metal oxide catalysts. Copyright © 2002 John

Wiley & Sons, Ltd.

INTRODUCTION

Raman spectroscopy is an extremely powerful catalyst
characterization technique because it can provide funda-
mental information about catalytic molecular structures
and surface reaction intermediates. Furthermore, Raman
spectroscopy can provide this information under in situ
conditions (temperature, partial pressure of gas phase com-
ponents, etc.).! Consequently, Raman spectroscopy has been
used to examine essentially all types of catalytic materi-
als: bulk and supported metals, bulk mixed metal oxides,
supported metal oxides, bulk and supported metal sulfides,
zeolites and molecular sieves, heteropolyoxo anions and
clays.? The combination of fundamental molecular struc-
tural information and in situ capabilities has resulted in a
powerful tool for catalysis science, which allows for the
development of a molecular-level understanding of struc-
ture—activity /selectivity relationships for catalytic reactions.
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Several publications have extensively reviewed the contribu-
tions of Raman studies in catalysis.*~!” This paper, however,
must only review the Raman studies of catalysts performed
over the past decade at Lehigh University (USA) and the
Institute of Catalysis and Petroleum Chemistry (Spain). In
particular, the use of Raman spectroscopy to study supported
metal oxides under the following environments is presented:
ambient conditions (hydrated), dehydrated conditions, wet
oxidation reaction conditions, oxidation reaction conditions
(alkane oxidation, methanol oxidation and selective catalytic
reduction of NO,) and under reducing conditions (by alka-
nes or by hydrogen, with subsequent reoxidation). The role
of the environment (dry air, humid air, reaction conditions,
etc.) on the structural transformations of supported metal
oxides is also discussed. The combination of fundamental
molecular structural information and in situ capabilities has
resulted in an explosion of Raman spectroscopic character-
ization studies in the catalysis literature that began in the
1970s, from three publications in 1970 to ~140 publications
in 1999.2° Among those published in 1999, about 30 corre-
spond to Raman studies of supported metal oxides.? In recent
years, there has been an emphasis on the molecular charac-
terization of catalysts under reaction conditions since such
fundamental information should lead to the development
of molecular structure—activity /selectivity relationships and
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the molecular engineering of improved catalytic materials.
At present, this is resulting in spectroscopic studies of cat-
alysts under real reaction conditions, where structure and
activity/selectivity are measured simultaneously. This ‘real’
reaction in situ spectroscopy is given the tentative name
‘operando,” by one of the authors (M.A.B.), to provide a sim-
ple word which underlines the simultaneous evaluation of
both structure and activity/selectivity. This name has been
borrowed from the Latin gerund ‘operando,” which means
working or operating, since the spectra are of an ‘operating’
catalyst. Operando spectroscopy is poised to become a pow-
erful tool in catalysis research.!® These developments may
also be of use in other fields where environmental (temper-
ature, pressure and atmosphere) spectroscopy will provide
fundamental information about the molecular structure and
performance of various materials.

Supported metal oxide catalysts generally consist of two-
dimensional surface metal oxide overlayers on an oxide
support (e.g. alumina, titania, zirconia, silica). The oxide
support are typically of ca 10-300 m? g~!. In addition to
the two-dimensional surface metal oxide overlayer, small
metal oxide crystallites may also be present. The metal oxide
crystallites tend to form when (a) the precursor salt is poorly
distributed over the support in the catalyst synthesis step,
(b) there is a weak interaction between the deposited metal
oxide and the underlying oxide support (e.g. metal oxides
on silica) or (c) monolayer coverage has been exceeded.

Detailed fundamental surface information on a molecular
level can be obtained from model supported metal oxide
catalysts containing the two-dimensional overlayers of
surface metal oxides.*”!! A unique feature of supported
metal oxide catalysts is that the active component is
exclusively present as a surface phase, 100% dispersion,
below monolayer coverage and there is no spectroscopic
complication from the co-existence of bulk crystalline phases.
The only bulk crystalline phase present below monolayer
coverage is due to the oxide supports, which tend to give rise
to weak Raman signals (e.g. Al,O3, SiO,) or Raman signals
that generally occur at much lower wavenumbers than the
active supported metal oxide species (e.g. CeO,, ZrO,, TiO,).

Supported metal oxide catalysts are widely employed
in industrial applications: alkane dehydrogenation,
olefin  polymerization, olefin metathesis, selective
oxidation/ammoxidation/reduction of organic molecules
and inorganic emissions as well as precursors to supported
HDS and metallic hydrotreating catalysts.”'"18-20 The use of
supported metal oxide catalysts for oxidation reactions has
grown significantly over the past few decades owing to their
excellent catalytic properties in the manufacture of many
chemical intermediates and pollution control strategies.”!

Supported metal oxide catalysts are ideally suited for
Raman spectroscopic studies because the dispersed metal
oxide phases generally give rise to strong Raman signals
and the oxide support tends to possess weak Raman sig-
nals or strong Raman signals that occur at much lower
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wavenumbers. Consequently, Raman spectroscopy provides
fundamental information about the surface metal oxides
species present in supported metal oxide catalysts: spe-
cific location, surface coverage, molecular structure and
its potential transformation in different environments, the
participation of specific metal oxygen bonds in catalytic oxi-
dation reactions (e.g. with the aid of isotopic tracer studies)
and surface acidity/basicity. Raman spectroscopy also pro-
vides direct fundamental surface information about the ratio
of isolated and polymerized surface metal oxide species,
terminal M=O and bridging M—O—M bonds, extent of
reduction of the surface oxide species during reaction con-
ditions, influence of the oxide support ligands, influence
of acidic/basic metal oxide additives (promoters/poisons)
and participation of specific M—O bonds in catalysis (e.g.
with the aid of oxygen-18-labeled isotope experiments). The
bridging M—O—support bonds possess enough of a cova-
lent character that should result in weak Raman bands.” The
intensity of the bridging M—O—support band depends
on the covalency of that bond and is, therefore, directly
related to the electronegativity of the cations involved. For
example, the intensity of the bridging V—O—support bond
in supported vanadium oxide catalysts should depend on
the electronegativity of the cation of the oxide support
(Si*t > APT > Ti** > Zr*"). Thus, in the series V,05/Si0,,
V,05/ AL O3, V,05/TiO,, V,05/ZrO,, the polarizability of
the bridging V—O—support bond increases, and the Raman
signal of the bridging V—O—support bond increases. Thus,
bridging V—O—support bonds have not been observed
for V,05/Si0,, V,05 or Al,O; owing to the higher elec-
tronegativity of Si and Al cations in silica?? and alumina,?
so they must be very weak or possibly inactive in Raman.
For V,05/TiO,, the bridging V—O—Ti bond should exhibit
weak Raman bands near 638 and 248 cm™' that cannot be
detected owing to the very intense Raman bands of the tita-
nia support. However, they are visible on a system where
vanadium oxide is supported on a substrate where titania is
highly dispersed as a surface species on silica.? Similarly, the
bridging V—O—Zr bond also exhibits weak Raman bands
that are visible when vanadium oxide is supported on a
system where zirconia is highly dispersed on silica.”® Raman
spectroscopy also provides structural information about the
presence of microcrystallites (<40 A), XRD amorphous par-
ticles and surface reaction intermediates.

The results presented in this paper are from investi-
gations performed at Lehigh University and Instituto de
Catalisis y Petroleoquimica, CSIC. The Raman system used
at Lehigh University is a triple-grating spectrometer (Spex,
Model 1877), a CCD detector and an argon ion laser. The in
situ Raman studies were run in a quartz cell with a sample
holder made of metal alloy (Hastalloy C), and a 100-200 mg
sample disc is held by the cap of the sample holder. The sam-
ple holder is mounted on a ceramic shaft that is rotated by a
115 V CD motor at a speed of 1000-2000 rpm. A cylindrical
heating coil surrounding the quartz cell is used to heat the
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cell. The quartz cell is capable of operating up to 873 K and
flowing gas is introduced into the cell at a rate of 50-100
~1 at atmospheric pressure. An on-line mass spec-
trometer is used to monitor the conversion and selectivity
of the specific reaction—catalyst system. The Raman system
used at the CSIC institute is a Renishaw Micro-Raman System
1000 equipped with a cooled CCD detector (200 K), a holo-
graphic super-Notch filter and a 1800 grooves mm ™! grating.
The powdered samples were excited with an argon ion laser.
In situ Raman spectra were run in a Linkam TS-1500 hot
stage that allows heating of the powdered sample to 1773 K
under a controlled atmosphere or stream of gases. Operando
Raman-GC spectra were run with a laboratory-made reac-
tion cell that consists of a fixed-bed quartz microreactor
contained by quartz-wool plugs on both ends; the catalyst
(ca 170 mg) is in powder form. The reaction feed is controlled
by mass flow controllers and the reactor outlet is connected
on-line with a gas chromatograph (HP 5890 Series II). The
micro-reactor walls have optical quality and no appreciable
differences can be observed between the Raman reaction cell
and a fixed-bed microreactor. The laser power on the sam-
ple was kept below 5 mW to prevent local heating. Specific
details of the experimental procedures in the work discussed
below can be found in the original papers cited.

ml min

AMBIENT CONDITIONS (HYDRATED)

Under ambient conditions, moisture adsorbs on the surface
of supported metal oxide catalytic systems and there is
extensive solvation of the surface metal oxides (equivalent
to ~20-40 monolayers of water). Therefore, the surface
chemistry of supported oxides (V, Nb, Ta, Cr, Mo, W
and Re) corresponds to that of aqueous solutions. As in
aqueous solution, the molecular structure of the metal oxide
depends on the concentration and pH of the aqueous system.
Many publications have shown that Raman spectroscopy
can follow the hydrated molecular structures of these
supported metal oxides as a function of oxide loading and
the nature of the oxide support.®?12=2% For instance, in

Molecular structures of supported metal oxide catalysts

the case of hydrated supported vanadium oxide catalysts,
Raman spectroscopy can efficiently discriminate between
the different kind of vanadium oxides present as a function
of the specific oxide support and vanadia loading. It was
found that the molecular structures of supported transition
metal oxide overlayers on different oxide supports (MgO,
AL O3, ZrO,, TiO, and Si0;,) are determined by the net pH
at the point of zero charge (PZC). Gil-Llambias et al.*® have
shown that for the V,05/TiO, and V,05/ALO; systems,
the pH at PZC of the samples decreases with increasing
vanadium oxide loadings (with surface vanadium oxide
coverage). The pH at PZC of the supported vanadium oxide
catalytic systems is expected to be much lower than the
pH at PZC of the oxide support at high surface vanadium
oxide coverage and close to that of the oxide support at low
surface coverage because the pH at PZC of V,0s is ~0.5.
The surface vanadium oxide species depends on the net pH
at PZC of the surface and can be predicted from the known
vanadium oxide aqueous phase diagram as shown in Table 1
for low and high surface vanadium oxide loadings. At low
surface vanadium oxide coverage, the net pH at PZC should
closely reflect the specific oxide support. At high surface
vanadium oxide coverage, the pH at PZC is significantly
lowered owing to the presence of the acidic vanadium oxide
overlayer. The qualitative agreement between the predicted
hydrated surface vanadium oxide species and the observed
hydrated surface vanadium oxide species on the different
oxide supports are shown in Table1 and underlines the
influence of the net pH at PZC of each oxide support upon the
surface structure of the hydrated surface vanadium species.

For the silica-supported vanadium oxide system,
UV-Vis® and EXAFS/XANES* studies indicate the
presence of VOs and octahedral coordinated surface
vanadium oxide under ambient conditions. The partial
hydration of the dehydrated sample changes the color from
white to light yellow and the sample becomes deep red
when fully hydrated. For the partially hydrated sample,
the broad Raman bands observed are very different from
the bands observed for the fully hydrated and dehydrated

Table 1. Predicted and observed hydrated surface vanadium oxide species on different oxide supports28-22

Net pH at PZC of Hydrated structures

Oxide support oxide support Coverage Predicted Observed

MgO 11 Low VO3(OH) VO4?, V207, (VO3),
High VO3(OH), V207, (VO3)n VO, V2072, (VO3),

AL O3 8.9 Low VO3(OH), (VO3), (VO3),
High V207, (VO3), (VO3)n, V10O2s”

ZrO, 5.9-6.1 Low VO,(OH),, (VO3), V207, (VO3),,?, V10O28?
High (VO3)n, V10O27(OH) V1O28”

TiO, 6.0-6.4 Low VO,(OH),, (VO3)n (VO3),?, V1pOos?
High (VO3)n, V10O2s V10028”

@ Major species.
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samples.? Therefore, the molecular structure of the surface
vanadium oxide species on silica is also dependent on
the degree of hydration. A combination of in situ Raman,
UV-Vis-NIR DRS (Diffuse Reflectance Spectroscopy) and
XANES spectroscopy also revealed that the structure of
hydrated surface vanadium oxide species is dependent on
the degree of hydration.?? Fully hydrated surface vanadium
oxide species on SiO, closely resemble a V,05-nH,O gel,
which is distinct from V,Os crystallites.

DEHYDRATED CONDITIONS

The molecular structure of supported transition metal oxide
catalysts under dehydrated conditions has been under debate
in the literature for almost two decades. In particular, it
was not clear how many terminal M=0O bonds are present
in the surface molecular entities. Transition metal oxides
may possibly be present as mono-, di- or trioxo species.
The combination of in situ Raman spectroscopy and oxygen
isotopic labeling studies provides fundamental information
about the number of terminal M=QO bonds and, thus,
discriminates between mono-, di- and trioxo species. This
is illustrated schematically in Fig.1. A monooxo species
(structure A) should give rise to two strong Raman bands
(M=1%0 and M=180), a dioxo species (structure B) should
have three strong Raman bands (1*O=M=1¢0, *O=M=180
and BO=M="0) and a trioxo species (structure C)

JRS

should give rise to four strong Raman bands (1*O;=M,
1602=M=180, 160=M=1802, 1803 =M).33’34

Isotopic oxygen labeling studies have allowed the deter-
mination of the molecular structures of zirconia-supported
V(V), Nb(V), Cr(VI), Mo(VI), W(VI) and Re(VII) oxides.?®
After several reduction and reoxidation cycles, a signifi-
cant extent of isotopic exchange is achieved and Table 2
shows the Raman bands of representative catalysts after
calcinations with °O, and after partial isotopic exchange
with oxygen-18. The Raman bands of the dehydrated sup-
ported transition metal oxides after calcination in 160, at
823 K in the 980-1030 cm™! range corresponds to the short
terminal M=O bond (vs]M=O0]) and the Raman bands
in the 750-950 cm™' range correspond to either the anti-
symmetric stretch of M—O-—M bonds or the symmetric
stretch of (—O—M—0O—), bonds (v,s [M—O—M] and
Vs[(—O—M—O0—),], respectively). Isotopic substitution
by oxygen-18 results in significant Raman shifts of the
bands positions owing to the greater mass of oxygen-18
than oxygen-16. Both the number of the new Raman bands
formed, only one additional band, and the shift to lower
wavenumber values are dependent on the molecular struc-
ture of the dehydrated supported transition metal oxides
(see Fig. 1) and correspond very well with the calculated
values for monooxo dehydrated surface metal oxide species
(structure A corresponding to one terminal bond).

Additional evidence for the monooxo structure of the
supported transition metal oxides can be found from the

Monooxo 160 80
Structure A Il Il

M M
Dioxo 160 160 160 180 180 180
Structure B \ // \ // \ //

M M M
Trioxo 160 160 180 180
Structure C I T Il Il
6o—M-0 0=M='0 '0=M=""0 ®0=Mm=""0

Figure 1. Schematic representation of possible structures of surface metal oxide species.

Table 2. Observed Raman bands (wavenumbers in cm~") before and after partial

exchange with 180,3%

Experimentally observed wavenumber/ cm™L

Catalyst After calcination with 10O, After partial exchange with 180,
6% CrO3/ZrO, 1030; 1010; 880 1030; 1010; 880; 990; 970; 840
4% MoOs3/ZrO, 996; 850 996; 850; 950(b)
5% Nb,Os/ZrO, 980; 800 980; 800; 930(b)
3% WO3/ZrO, 1005; 790 1002; 790; 950; 750
5% V,05/ZrO; 1030; 920 1030; 920; 990(b)
3% Re>O7 /71O, 1005; 890 1000; 882; 945; 840
(b), Broad.

Copyright © 2002 John Wiley & Sons, Ltd.
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comparison of the Raman and IR bands obtained for the
same catalyst under dehydrated conditions. The presence of
only one vibration at the same wavenumber from Raman
and IR indicates a monooxo species because a diatomic
oscillating system has only one stretching mode (vs) since
for a dioxo species two bands due to the symmetric (vs)
and antisymmetric (v,s) stretching modes will be visible.®*3
These wavenumbers should be separated by ca 20 cm™.
Furthermore, for dioxo species the symmetric mode will be
more intense in Raman, while the antisymmetric mode will
dominate in IR. A more complex situation should occur for
a trioxo species. Based on the coincident values of the IR
and Raman wavenumbers it appears that the supported
transition metal oxides are present as surface monooxo
species.®

The dehydrated monooxo species can be present as either
surface isolated or polymerized structures, where dehy-
drated polymeric species also possesses bridging M—O—M
bonds that can be detected at ~900 (antisymmetric stretch),
600 (symmetric stretch) and 200 (bending mode) cm~!. Thus,
molybdena on zirconia is present as a surface polymeric
monooXxo species because of the Raman vibrations at 996
(Mo=O symmetric stretch) and 850 cm~! (Mo—O—Mo
antisymmetric stretch). The structural information can be
further complemented by other techniques, such as XANES,
that reveal that Mo has a formal coordination of five, which
is close to a distorted octahedral coordination.”” Similar
structures can be envisioned also for the dehydrated sur-
face tungsten oxide and niobia species. A surface polymeric
species occurs for surface vanadia species on ZrO,, which
possesses a pseudo-tetrahedral coordination, giving rise to
Raman vibrations near 1030 (terminal V=0) and 920 (bridg-
ing V—0O—V) cm~1.% The coordination model for rhenium
oxide on zirconia is proposed as a surface polymeric species,
in which at least two octahedron-like coordinated Re’* atoms
are linked via an oxygen atom, one terminal Re=0O bond and
four bridging Re—O—Zr bonds.®

The Raman study of the dehydrated catalysts does not
provide any indication as to which of the Raman bands
of the terminal M=O bond corresponds to the surface
isolated or polymeric species. However, in situ reactivity
studies under reducing conditions”’ have shown that the
Raman bands due to the surface isolated and polymeric
species can be discriminated by their different reduction
activity. For example, supported polymeric chromium oxide
species are more reducible than the isolated species and
reveal that the terminal M=O bond of dehydrated isolated
monooXo species are characterized by a Raman band at a
higher wavenumber (1030 cm™) than that of the dehydrated
polymeric monooxo species (1010 cm™). In the case of
the silica support, only dehydrated monochromate surface
species are observed.¥” For vanadium oxide supported on
CeO,, the terminal V=0 mode of the dehydrated isolated
surface vanadium oxide occurs at 1034 cm~' and that of the
dehydrated polymeric vanadium oxide species is observed

Copyright © 2002 John Wiley & Sons, Ltd.
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at 1017 cm~'.38 Similar observations have also been made
for molybdenum oxide, tungsten oxide and rhenium oxide
supported on Ce0,.¥ In the case of the silica support,
only dehydrated isolated surface metal oxide species are
observed.

The terminal M=O bond and the bridging M—O—M
bonds are detectable by Raman spectroscopy; however,
the bridging M—O-—support bonds are not detectable
by Raman spectroscopy since they are too ionic to be
Raman active. The study of the bridging M—O—support
bonds cannot be done directly by Raman spectroscopy.
For V,05/TiO,/SiO,, however, where a bilayer of surface
vanadia layer on a surface titania layer on silica is present, the
bridging V—O—Ti bonds have been directly detected with
Raman spectroscopy.?* Other characterization techniques
can provide additional structural information about the
local environment of the different metal cations, solid-state
NMR, XANES/EXAFS and UV-Vis revealed that both the
coordination of the surface vanadia species and the surface
titania species are altered by the formation of the bridging
V—O—Ti bond between the two layers.?

WET OXIDATION

Supported metal oxide catalysts under ambient conditions
are extensively hydrated owing to the presence of significant
amounts of adsorbed moisture at room temperature. The
adsorbed moisture has a pronounced effect on the molecular
structures of the surface metal oxide phases and the situation
in aqueous environments has already been described (see
above). Under in situ dehydrated conditions, the adsorbed
moisture desorbs upon heating and the surface metal oxide
species becomes dehydrated. The molecular structures of the
dehydrated supported metal oxides have also been described
above. However, water vapor is usually present in the feed
gas or as a reaction product in many catalytic reactions at
elevated temperatures. The presence of significant amounts
of water vapor can affect the extent of surface hydroxylation,
the ratio of Bronsted-to-Lewis surface acid sites or the
molecular structures of the surface metal oxide species,
which can have a significant effect on many reactions over
supported metal oxide catalysts.

A detailed fundamental study on the nature of supported
vanadium oxide catalysts at high temperature in the presence
of water vapor was recently reported.?’ This is illustrated
in Fig. 2 for surface vanadium oxide species on an AL O;
support. For 4% V,0s5/Al, 03, the Raman band of the
terminal V=0 bond of the surface vanadium oxide species
shifts from 1012 to 1003 cm™' on decreasing the catalyst
temperature from 773 to 443 K and simultaneously becomes
broad in the presence of moisture. However, the bridging
V—O—V functionality of the surface vanadia species on
alumina (900-800, 620-450 and 350-200 cm™') appears to
be only modestly influenced by the presence of adsorbed
water vapor, which is primarily related to the broadness

J. Raman Spectrosc. 2002; 33: 359-380

363



364

M. A. Banares and I. E. Wachs

1003 gg5

820

(d) 443 K

(c) 503 K
1012

(b) 623 K

865 820
1012 586 485

330

(a) 773K

| | | | |
1000 800 600 400 200

Wavenumbers / cm™!

Figure 2. In situ Raman spectra of 4% V>05/Al,O3 in the
presence of water vapor at various temperatures.

on this band relative to the sharper Raman band for the
terminal V=0 bond. Similar trends are observed for surface
vanadium oxide species supported on titania and ceria
(Table 3). However, silica-supported vanadium oxide only
shows a very moderate change in the Raman band position
of the terminal V=0 bond from 1038 to 1032cm™' on
increasing temperature in a moist environment, owing to the
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hydrophobic nature of the silica surface and thermal effects
on the length of the V—O terminal bond with temperature.*!
In general, at low surface vanadium oxide coverage and high
temperatures (573 K and above), the presence of water vapor
has no appreciable effect on the terminal V=0 Raman bands
in the 1018-1038 cm™! region. Thus, the molecular structures
of the surface metal oxide species under flowing moisture
and elevated temperatures are essentially the same as those
for the corresponding dehydrated surface metal oxide species
already discussed above.

Isotopic oxygen exchange studies with H,'°O/O, on
an oxygen-18-labeled 4%V,0s/ZrO; catalyst ° indicate that
the surface vanadia species undergoes oxygen exchange
with moisture in a few minutes at 573 K and 8% H,O,
whereas exchange is not efficient with just dry °O,. The
origin of this different oxygen exchange behavior between
water vapor and oxygen is related to the ability of moisture
to hydrogen bond to the oxygen functionalities of the surface
vanadia species (V=0, V—O—V and V—O—support).
The hydrogen bonding is directly observed for the terminal
V=0 bond since the shift of this sharp Raman band to lower
wavenumbers is very evident. However, the broad Raman
bands of the bridging V—O—V bonds do not allow for
such a precise evaluation. The formation of solvated surface
vanadia species at lower temperatures (below 503 K) reveals
that moisture is also able to hydrolyze the V—O—supported
bonds. However, at elevated temperatures (above 503 K), the
hydrolysis reaction does not appear to occur to a significant
extent and the surface vanadia species are stable on the
oxide supports in the presence of moisture. Thus, moisture
is able to interact with the oxygen functionalities of the fully

Table 3. Effect of water vapor at elevated temperatures on the Raman bands of surface vanadia species

on oxide supports*0

Stretching mode/cm ™!

Bending mode/cm ™!

Catalyst Conditions V=0 V—0—V vV—0O V—0—V
1% V205 /5i0, Vapor, 503 K 1038 —
Dehydrated 1038 —
7% V205 /Si0; Vapor, 503 K 1037 —
Dehydrated 1037 —
1% V1,05 /TiO, Vapor, 503 K 1018 920
Dehydrated 1028 920
5% V,05/TiO, Vapor, 503 K 1029 920
Dehydrated 1030 920
1% V,05/CeO, Vapor, 503 K 1012 920
Dehydrated 1023 920
3% V,05/CeO, Vapor, 503 K 1018 900
Dehydrated 1026 920
4% V,,05/ AL, O3 Vapor, 503 K 1018 865, 820, 586, 485 330
Dehydrated 1018 875, 800, 600 330
18% V,05/ Al,O3 Vapor, 503 K 1013 900, 800, 615, 530, 460 330 240
Dehydrated 1027 900, 800, 615, 530, 460 330 240

Copyright © 2002 John Wiley & Sons, Ltd.
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oxidized surface vanadia species via hydrogen bonding, but
the structural transformations in the presence of moisture
are only observed at low temperatures (below 503 K).

The ability of moisture to interact with the surface vana-
dia species at elevated temperatures implies that moisture
competitively adsorbs with the reactants on such surface
adsorption sites during oxidation reactions. Thus, the rate of
oxidation reactions over supported vanadia catalysts should
generally decrease in the presence of moisture and this effect
should increase with decreasing reaction temperature. This
is in line with literature studies on the effect of moisture
upon the selective catalytic reduction of NO, with NH; over
V,05/TiO, catalysts. All of these studies demonstrate that
the presence of moisture decreases the conversion of NO
and that the effect of moisture becomes more pronounced
at lower reaction temperatures.*? In addition, the selectiv-
ity towards undesirable N,O formation is suppressed by
the presence of moisture, which has been attributed to sur-
face hydroxylation.*?=* In fact, in situ IR studies during SCR
(Selective Catalytic Reduction) over vanadia/titania catalysts
show that moisture adsorbs via hydrogen bonds, increases
the surface hydroxyl concentration and coordinates to the
surface vanadia species.*®

OXIDATION REACTIONS CONDITIONS

C,-C, alkanes (LPG) oxidation reaction conditions
Butane oxidation to maleic anhydride was investigated
over supported vanadia/alumina.®® The Raman spectrum
of the fully oxidized, dehydrated system exhibits bands
at 920, 800, 600 and 550 cm™! due to the presence of
bridging V—O—V bonds and 1028 cm ™! due to the terminal
V=0 bonds. During n-butane oxidation, the polymeric
V—O—V functionalities are preferentially reduced relative
to the terminal V=0 bonds. This trend becomes more
evident as the reaction temperature increases. In the absence
of oxygen, both the terminal V=0 and the bridging
V—O—V bonds are absent from the in situ Raman spectrum
owing to extensive reduction of the surface vanadia sites.
Unfortunately, the reduced surface vanadia species does
not give rise to new Raman bands owing to its very
weak or inactive Raman signal (most likely because of the
absence of the V=0 functionality, which gives rise to a
strong Raman signal). Exposure to an oxygen environment
reoxidizes the surface vanadia species and yields the initial
Raman spectrum of the fresh catalysts.*® Essentially the
same trends were observed with vanadia supported on
titania, zirconia, niobia, ceria and binary oxide supports
such as P,Os/TiO,. Thus, the surface vanadia species on
oxide supports reduces partially during n-butane oxidation
and the bridging V—O—YV functionality is preferentially
reduced relative to the terminal V=0 bond.*46

The extent of reduction of supported vanadium oxide
species depends on the reactivity of the hydrocarbon. Thus,
reduction is less evident during the selective oxidation of

Copyright © 2002 John Wiley & Sons, Ltd.

Molecular structures of supported metal oxide catalysts

propane and ethane for the same catalytic systems; only
4% V,05/ZrO, shows some reduction of the polymeric
V—O—V functionalities. =% Other in situ techniques
provide complementary information about the states of the
supported vanadium oxide species under reaction conditions
for butane and ethane selective oxidation reactions.*”>* The
complementary study by in situ UV-Vis DRS* on supported
vanadium oxide catalysts shows that the extent of reduction
of supported vanadium oxide is higher under n-butane
oxidation than under ethane oxidation. In particular, the
extents of reduction of V(V) sites determined by in situ
UV-Vis DRS for 1% V,05/ZrO, and 4% V,05/ZrO, are
ca 2.8 and 3.6% under ethane oxidation, ca 1.8 and 8.2%
under propane oxidation and ca 8.0 and 9.6% under butane
oxidation.’® This is consistent with the expected reactivity of
the C,-C, alkanes, determined by the weakest C—H bond,
and the trends observed by in sifu Raman reaction studies
with the same C/O atomic ratio in the hydrocarbon/O,/He
feed.#4-50

Role of the terminal V=0 bond

The butane turnover frequency (TOF) is a strong function
of the specific oxide support and varies by a factor of ~50
(titania > ceria > zirconia > niobia > alumina > silica),
but does not correspond with the changes in the position
of the terminal V=0 bond.®> A lack of such a correlation
was also found for ethane oxidation on supported-vanadia
catalysts.” The in situ Raman spectra of the oxygen-18
exchanged 2% V,05/5i0, and 10% V,0s5/ALO; during
ethane oxidation reaction conditions are illustrated in
Fig. 3. Each supported-vanadia catalyst initially shows a
Raman band at 1031 or 1017 cm™! that corresponds to
the terminal V=1°0 vibrations of the dehydrated surface
vanadia on silica and alumina, respectively. New Raman
bands appear near 988 and 976 cm~! upon exchange with
180, that correspond to the terminal V=30 vibrations on
silica and alumina, respectively. These wavenumber shifts
quantitatively correspond with the predicted values from the
change in the reduced mass of the V—O bond when oxygen-
16 is replaced with oxygen-18. Alumina-supported vanadia
exhibits a very broad Raman band at ~860 cm™, due to the
bridging V—O—V bond. A weak shoulder at ~900 cm™!
is evident after oxygen-18 exchange, which corresponds to
the vibration of the exchanged V—¥O—V bond. The in
situ Raman spectra in Fig. 3 for V,05/AL O3 and V,05/5i0,
show that the supported vanadia species is essentially not
reduced during ethane oxidation. The Raman intensities of
the 988 and 1031 cm~! bands of the 2% V,05/SiO, catalyst
are monitored as a function of time-on-stream during ethane
oxidation with O, [Fig.3(A)]. The Raman band of the
terminal V=80 bond decreases rather fast during the first
minutes under reaction conditions at 863 K; however, it is
not fully exchanged, even after more than 11 min time-on-
stream, which corresponds to about eight catalytic cycles.
The exchanged 10% V,0s/Al,O3shows a similar behavior

J. Raman Spectrosc. 2002; 33: 359-380

365



M. A. Banares and I. E. Wachs

(a) fresh

1031 088

(b) 0 min
(c) 2 min
(d) 3 min

(e) 11 min

(f) dry air

L

1100 700
Wavenumbers / cm™!

300

B
1017
(a) fresh

976,
(b) 0 min
(c) 2 min J\f/\“
(e) 5 min yf\.\
(f) 26 min jﬂr\’\
11I00 I 7(IJO I 3(I)O

Wavenumbers / cm™!

Figure 3. Reaction in situ (operando) Raman spectra of partially oxygen-18-exchanged supported vanadia catalysts under ethane
oxidation reaction conditions: (A) 2% V,0s/SiO5 at 863 K (TOF = 1.2 x 1072 s~ 1); (B) 10% V,05/Al,O3 at 783 K (TOF = 6.9 x 1073

s,

[Fig. 3(B)]; the intensity of the V=0 Raman band is
weak but still evident even after 26 min on-stream, which
corresponds to ~11 catalytic cycles. If the terminal V=0
bond were involved in the rate-determining step, it should
be exchanged within one catalytic cycle. Consequently, the
terminal V=0 bond must not be the kinetically critical active
site of the supported-vanadia catalysts since it is not fully
exchanged within ~10 catalytic cycles.

In addition, in situ Raman experiments with oxygen-18
labeling of the terminal V=0 bond during butane oxidation
showed that the exchange time of this bond was ca 20 times
longer than the characteristic reaction time (1/TOF).% The
same effect has also been observed for the oxidation of
methane to formaldehyde.”® All these studies suggest that
the terminal V=0 bond is too stable to be involved in the
rate-determining step of these alkane oxidation reactions.
This is in agreement with preliminary studies where no
correlation was found between the terminal V=0 bond
Raman band position, or bond strength, and the catalytic
TOF value.?® On the other hand, the strong influence of the
specific oxide support ligands on the butane oxidation TOF
(a factor of ~50) suggests that the bridging V—O—support
bonds are involved in the kinetically critical rate-determining
step associated with n-butane oxidation (activation of an
internal C—H bond).

Coverage effect and the role of the bridging V—O—V
bond

The surface coverage of an active metal oxide on an oxide
support increases the surface polymeric to isolated pop-
ulation ratio, as revealed by in situ Raman and UV-Vis
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spectra. The relevance that it may have on catalytic perfor-
mance can be evaluated from its influence upon the TOF
values. The V—180—V bond appears to exchange faster
than the terminal V="80 bond (see Fig. 3); hence it appears
that the bridging V-O-V bond may have a more prominent
role than the terminal V=0 bond. However, its relevance
must be moderate since any increase in surface vanadia
coverage on an alumina support has only a minor effect
on the TOF of ethane oxidation to ethylene (4.4 x 1073 5!
for 5% VzO5 /A1203 and 4.0 x 10_3 S_1 for 15% VzO5 /A1203
at 803 K).# Also, surface vanadia coverage on zirconia also
shows no significant effect on the TOF values of propane
oxidation to propylene (4.4 x 10=® s7! for 1%V,0s/ZrO,
and 4.0 x 1073 s for 2%V,0s5/Zr0,)."'*® Thus, ethane
and propane oxidative dehydrogenation (ODH) show lit-
tle change in their TOF values upon increasing the surface
vanadia coverage on several different oxide supports.*’~%
Consequently, ethane and propane oxidative dehydrogena-
tion TOF values are not influenced to any appreciable extent
by the surface concentration of polymeric V—O—V func-
tionalities, which increase with the surface vanadia coverage.
Furthermore, the relatively constant TOF values with surface
vanadia coverage reveals that the oxidative dehydrogenation
of ethane and propane to their corresponding olefins requires
only one surface vanadia site. However, the TOF values
for n-butane oxidation to maleic anhydride increase with
increasing surface vanadia coverage indicating that adjacent
surface vanadia sites are more efficient in selectively oxidiz-
ing n-butane to maleic anhydride than the isolated surface
vanadia sites.*>#® This is not surprising since the oxidation
of n-butane to maleic anhydride requires the involvement
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of four oxygen atoms [each surface vanadia site can only
contribute one oxygen atom since the maximum reduction
is from V(V) to V(III), assuming that gas-phase oxygen does
not directly participate (Mars—van Krevelen mechanism)].
Therefore, the specific requirements of the reactant and it
corresponding product, rather than the ratio of polymeric to
isolated surface vanadia species, determine the relevance of
the surface metal oxide coverage.

Support effect

The selectivity to maleic anhydride during n-butane oxi-
dation depends strongly on the specific oxide support:
A1203 > Nb205 > TlOz > SlOz > ZI‘OZ > CEOZ. This trend
parallels the strength of the Lewis acidity of the oxide sup-
port. Alumina has the strongest Lewis acid sites, followed
by niobia, and the other supports have weak (titania and
zirconia) or no Lewis acid sites (silica).?> This observation is
consistent with the critical reaction step involving the bridg-
ing V—O—support bond, which is in immediate vicinity of
the Lewis acid sites of the oxide support.

The TOF values for n-butane oxidation to maleic
anhydride®®# and for the ethane ODH (Oxidative Dehy-
drogenation) to ethylene over supported vanadium oxide
catalysts® also depend strongly on the specific oxide sup-
port. Ethane ODH TOF values change by more than an order
of magnitude (TiO, > ZrO, >> Al,O; > Nb,Os5 > CeO, >
Si0,) and those for n-butane oxidation change by a factor of
50 (TIOZ > CeOz > ZI‘OZ > Nb205 > A1203 > SlOz) With
the exception of the vanadia/ceria catalytic system, which

986 A

0,+CH,, 773K
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undergoes solid-state reaction and decreases the number of
surface vanadia active sites, the TOF values for n-butane
oxidation increase with decreasing electronegativity of the
oxide support (the more basic bridging V—O—S bonds
are more efficient in activating the internal C—H bonds).
The dependence of the TOF values for n-butane oxidation
also parallels the reducibility trend of the surface vanadium
oxide species on these supports, which is most probably just
coincidental. However, the ethane ODH TOF values show
some deviation from this trend owing to solid-state reactions
between the surface vanadia and the ceria and niobia sup-
ports at the much higher reaction temperatures required for
ethane activation. This issue will be discussed further in the
section below on structural transformations under different
environments.

Methane oxidation reaction conditions

The in situ Raman spectra of MoO3/SiO, catalysts under
methane oxidation reaction conditions reveal that the surface
molybdate oxide species possesses the same molecular
structure as the dehydrated surface molybdenum oxide
species onssilica [Fig. 4(A)].> The effect of alkali metal cations
addition on the structure and performance of MoOj;/SiO,
catalysts for the partial oxidation of methane and methanol
has been investigated.>® It was shown that the alkali metal
cations cause a decrease in the number of isolated surface
Mo oxide species, possessing one terminal Mo=O bond
and four bridging Mo—O—Si bonds, by the formation
of alkalimetal-molybdate compounds. Consequently, the
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Figure 4. Reaction in situ Raman spectra of 5%Mo03/SiO, dehydrated and under methane oxidation reaction conditions
(operando) (A); and in situ (operando) Raman spectra of 1% V20Os5/SnO» at 773 K under sequential treatments in flowing Oo, CH4/02

(10: 1) reactant mixture and CHy4 (B).
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catalytic activity for methane oxidation to formaldehyde
over the MoO;/S5i0O, catalyst is decreased since the number
of isolated surface Mo oxide active species is reduced.
When both surface vanadium and molybdenum oxides
are supported on silica, both species are isolated and co-
exist over the silica support without any interactions and
the catalytic performance is dominated by the more active
surface vanadium oxide species.>*

In situ Raman studies of V,05/Si0,, V,05/TiO, and
V,05/5n0, and V,05/TiO,/SiO, demonstrate that the
dehydrated surface vanadia species exhibits a sharp Raman
band at ~1027-1034 cm™! from the terminal V=O bond,
while the surface bridging V—O—V polymeric species
exhibit a broad Raman band ~900 cm~! on the SnO, and
TiO, supports. In addition, the SnO, system shows a new
band near 830 cm™!, associated with a bulk V—Sn—O
compound.>* Under methane oxidation reaction conditions,
the Raman intensities of the surface vanadium oxide species
decreases for the supported V,05/TiO, and V,05/5n0,
catalytic systems owing to the reduction of the surface
vanadium oxide species under the reducing methane oxida-
tion environment, but no significant changes were observed
for the V,05/Si0, and V,05/TiO,/SiO, systems. In the
case of the SnO,-supported vanadia catalyst, reduction
resulted in a reduced surface V(IV) or V(III) phase char-
acterized by a weak and broad Raman band at 855 cm™!
[Fig. 4(B)].

Similar to the oxidation of the C,-C; alkanes, the
oxygen in the terminal V=O bond does not appear to
be the critical site for methane oxidation. Oxygen isotopic
studies show that the terminal V=0 bond in the V,05/SiO,
catalyst is too stable under the reaction conditions to be
the kinetically critical active site for activating the C—H
bond in methane.> However, the catalytic data do show
that the overall methane oxidation activity is dependent
on the specific oxide support. The V—O—support bond
strength must vary with the support and is most probably
responsible for the different catalytic TOF values observed
over these supported vanadium oxide catalytic systems.
It is also possible that some surface V(V) species will be
reduced and provide sites for oxygen adsorption to form
electrophilic oxygen species.?® The population of the reduced
surface vanadia species depend on the specific catalyst
support since the in situ Raman spectra show that the
reduced species are not present over the SiO, support and
are much more prevalent over titania and SnO, supports
under the reaction conditions employed. The extent of
reduction of the surface vanadium species oxide follows the
trend SnO, > TiO, > SiO,, which correlates with the CO,
selectivity and inversely with the formaldehyde selectivity.
The CO product arises form the direct decomposition of
the formaldehyde intermediate product and CO; arises from
the direct combustion of methane and further oxidation
of CO.
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SCR (NO and NH;) reaction conditions
The in situ Raman spectra of the supported vanadium oxide
catalysts for the selective catalytic reduction (SCR) of NO
with NHj reveal that increasing the surface vanadia coverage
increases the ratio of polymerized to isolated surface
vanadia species, the same Raman spectra are obtained under
dehydrated and SCR reaction conditions. Corresponding IR
studies, employing NHj adsorption, demonstrated that the
number of surface Brensted acid sites also increases with
increasing surface vanadia coverage. The SCR DeNO, TOF
values were found to increase with surface vanadia coverage,
but the specific redox properties of the surface vanadia
species were not affected. The increasing SCR TOF with
surface vanadia coverage reveals that the bimolecular NO
and NHj; SCR reaction requires more than one surface site.
This suggests that the immediate environment of the surface
redox site is critical. This could originate from the need for
two adjacent surface redox sites, a surface redox site adjacent
to an acid site or to the higher activity of polymerized
surface vanadia species relative to that of isolated surface
vanadia species. However, it is not straightforward to
discriminate among these different possibilities from the
surface vanadia coverage effect on the SCR reaction. The
addition of surface tungsten oxide and niobium oxide species
to a 1% V,05/TiO, catalyst increases the SCR TOF by up
to an order of magnitude, with the surface tungsten oxide
somewhat more efficient than the surface niobium oxide
species. Surface NbO, (Lewis acid) and WO, (Brensted acid)
do not possess redox properties. Thus, the DeNO, reaction
does not necessarily require two adjacent surface redox sites
(isolated or polymeric). Nor does the introduction of these
acidic promoters alter the ratio of polymerized to isolated
surface vanadia species to any appreciable extent, but the
SCR TOF values increase with the introduction of the acidic
surface additives. The presence of surface WO, or NbO,
promoters increases the presence of surface Brensted or
Lewis acid sites, respectively. Ammonia initially adsorbs
on the surface acid sites and reduces the adjacent surface
vanadia species from V(V) to V(III), which creates a vacancy
for the adsorption of NO, [NO, does not adsorb on surface
V(V) sites]. The adjacent chemisorbed NO, and NH, species
then combine to form the desired N, and H,O reaction
products. The reduced surface vanadia sites are then rapidly
reoxidized by gas-phase oxygen. Thus, the SCR reaction is
most efficient in the presence of adjacent surface redox and
surface acid sites (WO, > VO, > NbO,).>®

The reaction in situ Raman spectra of 4% V,05/ZrO,
during the SCR reaction at 573 K are presented in Fig. 5.
The catalyst was partially exchanged with oxygen-18 via a
series of successive n-butane reduction and O, oxidation
cycles. The heavier mass of oxygen-18 relative to oxygen-16
shifts the Raman band from ~1030 to ~990 cm~! (Fig. 5).
The time required to exchange the terminal V=20 bond to
V=10 during the SCR reaction (containing only '°O,, N'¢O
and NHj;) was monitored by in situ Raman spectroscopy.
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Figure 5. Reaction in situ (operando) Raman spectra of 4%
V205/ZrO5 during SCR reaction at 573 K. (a) Partially
exchanged with 180,; (b) after SRC of NO with NH3 for 1400 s;
(c) After SRC of NO with NH3 for 1800 s.

The exchange process took ~1800s to complete and the
SCR characteristic reaction time (1/TOF) was ~180 s. This
reveals that it took nearly 10 reaction cycles to exchange
the isotopically labeled V="80 terminal bond completely.
Therefore, the terminal V=0 bond is too stable to be directly
involved in the rate-determining step for the SCR reaction.
The in situ Raman spectra also reveal that the molecular
structure of the supported metal oxides under SCR reaction
conditions is the same as the surface metal oxides under
dehydrated conditions. The active surface sites for SCR
DeNO, reaction are also influenced by the oxide support
since the TOF values vary by a factor of 6 at 473 K%
(ZrO, > TiO, » AlLO; > Si0O,), which correlates with
the reduction in the electronegativity of the support cation
(Zr < Ti < Al < Si). Thus, the bridging V—O—support
bond also appears to be involved in the kinetic critical rate-
determining step during the SCR reaction. This conclusion
is consistent with model SCR studies with unsupported
V,0s crystals that reported that the crystallographic planes
possessing bridging V—O—V or V—OH bonds rather than
terminal V=0 bonds were the active sites for the SCR

reaction.””->8

Methanol oxidation reaction conditions
The molecular structures of surface vanadium oxide species
supported on different oxide supports during methanol
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oxidation have been investigated with in situ Raman
spectroscopy.®%€" Supported vanadium oxide species are
stable during methanol oxidation, but some differences are
also evident. Upon introduction of a methanol/O,/He gas
stream both the terminal V=0 and bridging V—O—V
Raman bands decrease in intensity and shift to lower
wavenumbers for all the supported vanadia catalysts. The
decrease in intensity and downward shift of the Raman bands
is more pronounced for lower reaction temperature (503 K)
than for the higher reaction temperatures (573-633 K). The
bridging V—O—V Raman band at ~950 cm™" also decreases
in intensity during methanol oxidation and the maximum of
this broad feature shifts towards ~920 cm™!. In situ UV—-Vis
DRS spectra under the same reaction conditions exhibit
a change in the coordination rather than a reduction of
the surface V(V) species during the methanol oxidation
reaction.”” Only surface vanadia on alumina and zirconia
show a moderate extent of reduction during methanol
oxidation. If the changes caused during methanol oxidation
reaction were due to the reduction of surface V(V) species,
it would have been more severe at high conversions upon
increasing the temperature (which is not the case). Thus, the
downward shift in vibrational wavenumber of the terminal
V=0 Raman band is consistent with a lengthening of the
V=0 bond by coordination or H-bonding to chemisorbed
methoxy species or water (see the above section on wet
oxidation). Thus, supported metal oxides under methanol
oxidation reaction conditions tend to be oxidized and
possess molecular structures similar to those found under
dehydrated conditions.

In situ Raman studies of supported transition metal oxide
catalysts under methanol oxidation conditions have been
measured for different supported metal oxides (V, Nb, Cr,
Mo, W and Re) on different oxide supports (5iO,, CeO,,
Ce0,/Si0,, ZrO,, TiO,, Nb,Os and Al,O3).3:5°-%3 For silica-
supported vanadium oxide, stable surface methoxy species
form via reaction with the surface silanol groups. The in
situ Raman experiments during methanol oxidation reveal
that both surface Si—OCH; as well as surface V—OCH;
species are formed. The V—OCHj; species exhibit Raman
bands at 1067 cm™! (C—O vibration in VO—CHj3;) and
665 cm~! (V—O—CHj vibrations) [Fig. 6(A)]. In addition,
the intensity of the Raman bands due to V—OCH; methyl
vibrations at 2930 and 2830 cm™! increase their intensity
with respect to those of the Si—OCHj; vibrations at 2960 and
2860 cm™! as the surface vanadium oxide coverage increases
[Fig. 6(B)]. The number of available surface Si—OH sites for
methanol chemisorption decreases with increasing surface
vanadium oxide loading because the surface vanadium
oxide species titrates the exposed surface Si—OH sites. The
Raman bands for the different surface metal oxide species
on silica during methanol oxidation are summarized in
Table 4. Stable surface M—OCH; species are only found
on the V,05/Si0, system (Raman bands near 1070 and
660 cm™!). For other silica-supported oxides, the surface

J. Raman Spectrosc. 2002; 33: 359-380

369



M. A. Banares and I. E. Wachs

A 3% V205/S|02 B X% V205/S|02
1029 (O,/CH30OH/He) V-OCH,
665
1034 ™~
633 K (O,/He) 9960 2860
~
(d)
1067 1028
1 1035 ~ \/ \
: 573 K (O,/He) (© "
; ~
! 2930 2830
1033 ~ (@)
923 K (O,/He)
~
Si-OCH,
| | | | | | | | | | | |
1100 900 700 3000 2900 2800

Wavenumbers / cm™!

Wavenumbers / cm™!

Figure 6. In situ Raman spectra in the metal-oxygen stretching region of 3% V20s5/SiO2 under O, or CHzOH/O»/He flow at
different temperatures (A). In situ Raman spectra in the C-H stretching region of V»,05/SiO» catalysts under CHz3OH/O»/He flow at
503 K (B). (@) 0% V205/SiO> (b) 1% V205/SiO2 (c) 3% V205/SiO; (d) 7% V205/SiOs.

Table 4. Raman wavenumbers (cm~')2 of the surface methoxy species on a silica support>®

Si—OCH; Si—OCH; Si—OCH;
Catalyst (asym C—H) (sym C—H) M—OCH3; (sym C—H) M—OCHj3;
5i0, 2990 (w) 2958 (s) 2856 (s)
1% V505 /510, 2990 (w) 2957 (s) 2931 (m) 2857 (s) 2834 (m)
7% V205 /Si0; 2954 (m) 2930 (s) 2854 (m) 2832 (m)
1% Nb,O5/SiO, 2954 (s) 2856 (s)
5% Nb,Os /SiO, 2956 (vw) 2856 (vw)
1% Cr,03/SiO; —b —b _b _b _b
1% MoO3/SiO, 2995 w 2957 (s) 2857 (s)
5% Mo0O3/5i0, 2995 w 2957 (s) 2857 (s)
3% WO3/Si0, 2957 (s) 2857 (s)
1% Re, 07 /510, 2956 (s) 2856 (s)
5% RexO7/Si0, 2956 (s) 2856 (s)

2w, Weak; s, Strong; m, Medium; v, Very.
b Fluorescence under methanol oxidation reaction.

methoxy groups are essentially located on the silica support.
It has been proposed that the surface vanadia species is
basic towards alcohols, which are mildly acidic, and that is
the reason for the preferential coordination of the surface
methoxy species to the surface vanadia species rather
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than the more acidic surface Si—OH site.®* In line with
this argument, the preferential coordination of the surface
methoxy species to the silica support for supported niobium
oxide and tungsten oxide system suggests that these surface
metal oxides are more acidic than surface vanadia, which
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agrees with the acidic character of these metal oxides.
Furthermore, transient Raman studies have demonstrated
that the surface Si—OCHj3; species are not reactive under the
current methanol oxidation reaction conditions and are just
spectator species.

For V,05/TiO,, The Ti—OCH; Raman bands decrease
with increasing surface vanadia coverage and essentially
disappear at monolayer coverage of surface vanadia species
on titania,®® indicating that no V—OCH; species are
detected in the V,05/TiO, system by Raman spectroscopy.
NbO, /SiO, and WO,/SiO, show the same trend.”® The
Zr—OMe Raman vibrations for vanadia/zirconia cata-
lysts behave similarly to those of the V,0O5/TiO, catalysts.
No information was available for the V,05/AlLO; and
Cr,05/Si0; catalysts since the surface methoxy vibration
region was obscured by fluorescence.**”-* However, com-
plementary IR spectroscopic measurements demonstrated
the existence of adsorbed V—OCHj3; species by the IR bands
at ~2932 and ~2832 cm~!.3® Moreover, the surface vanadia
monolayers of TiO,, CeO,, ZrO, and Al,O; exhibit only
V—OCH; bands and methanol appears to have no access
to exposed support cation sites for the formation of sup-
port—OCH; species, consistent with the formation of a
complete monolayer of surface vanadia on these oxide sup-
ports. In contrast, the 10% V,05/SiO, catalyst contains both
surface V—OCHj; and Si—OCH; bands in the IR spectrum
owing to the presence of exposed silica surface sites. There-
fore, Raman spectroscopy presents some limitations for the
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detection of surface methoxy species since it only detects
surface methoxy bands on silica, V,05/SiO,, TiO, and ZrO,
surfaces, with no V—OCH; bands being detected in the
V,05/TiO, or V,05/ZrO, catalysts. This phenomenon is
attributed to a support-induced effect upon the electronic
structure of the surface V—OCHj; species that reduces the
Raman scattering cross-section in these catalysts. Conse-
quently, in situ IR spectroscopy is a better method for the
detection and quantification of chemisorbed surface methoxy
intermediates on the active surface V,Os sites during steady-
state methanol oxidation and in situ Raman is a better method
to study the molecular structural changes of the surface metal
oxide species present in supported metal oxide catalysts.
The in situ Raman spectra during methanol oxidation
over a 20% MoO;/ALO; catalyst is shown in Fig. 7(A).
Prior to methanol oxidation, the dehydrated and fully oxi-
dized surface molybdenum oxide species, Mo (VI), gives
rise to Raman bands at 1004, 862, 636 and 520 cm~!, which
are characteristic of polymeric surface molybdenum oxide
species.®® Exposure of this catalyst to methanol oxida-
tion reaction conditions significantly reduces the terminal
Mo=0 bond vibration near 998 cm~! and creates new strong
Raman bands at 840, 491 and 274 cm™!, which are due
to the reduced surface Mo(IV) species. Reoxidation of the
reduced 20% MoO;/Al,O; catalyst significantly decreases
the Raman vibrations associated with the reduced surface
Mo(IV) species and increases the Raman bands associated
with the surface Mo(VI) species. An analogous series of in
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Figure 7. Reaction in situ Raman spectra of Mo(lV) species during methanol oxidation on 20% MoOs3/AlxO3 (A) and on 4%
MoOQO3/ZrO» (B). (a) dehydrated (b) during methanol oxidation at 503 K and (c) reoxidized dehydrated.

Copyright © 2002 John Wiley & Sons, Ltd.

J. Raman Spectrosc. 2002; 33: 359-380

371



372

M. A. Banares and I. E. Wachs

situ studies over 4% MoQOj3 /ZrO, did not show Raman bands
characteristic of reduced surface molybdenum oxide species
[Fig. 7(B)].%® For ZrO,- and TiO,-supported Cr,O; catalysts,
the surface chromate Raman signals disappear upon intro-
ducing a reducing CH;OH/He gas feed due to reduction of
Cr(VI) to Cr(III). In the case of SiO,- or Al,Os-supported sur-
face Cr,O; species, no Raman bands are observed under
a reducing CH;OH/He gas feed owing to fluorescence
from reduced surface chromium oxide species [especially
the Cr(III) sites that are known to cause fluorescence].®”

REDUCTION CONDITIONS

Exposure of supported metal oxides (V, Cr, Mo) to reducing
environments or during oxidation reaction conditions may
lead to the formation of reduced surface metal oxide
species that may be directly monitored by in situ Raman
spectroscopy. However, as shown above for methanol
oxidation and reduction, it appears that it is generally
difficult to obtain good Raman signals for reduced surface
metal oxide species of supported metal oxide catalysts. In
contrast, the oxide supports do not appear to be reduced
during the reduction of surface vanadia species. While
the average oxidation state of reduced surface vanadia
species can be quantitatively determined by temperature-
programmed reduction (TPR) and gravimetric measurement,
more specific information about the distribution of oxidation
states can be obtained with in situ UV-Vis DRS studies,
which are also informative about the chemical environment
of the surface metal oxide sites. However, molecular
information on the structures of the reduced surface oxide
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species is not readily available, but may be obtained by in
situ XANES/EXAFS measurements (especially if only one
oxidation state is present under specific conditions).

Reduction by C,-C, alkanes

In situ Raman studies of supported chromium oxide species
under reducing conditions show that the specific oxide
support has a pronounced effect. Silica-supported chro-
mia catalysts show reduction under n-butane oxidation that
leads to fluorescence and no visible Raman features can
be detected. Zirconia-supported chromia exhibits Raman
bands at 1030 cm™!, characteristic of the terminal Cr=0
bond of isolated surface chromate species, and the bands
at 1010 and 880 cm ™!, characteristic of the terminal Cr=0O
and bridging Cr—O—Cr bonds of the surface polychro-
mate species. Under n-butane oxidation reaction conditions,
surface chromium oxide species reduce. The relative inten-
sity of the bands at 880 and 1010 cm™! exhibit a parallel
decrease in intensity, whereas the 1030 cm~! Raman band
intensity decreases independently and at a slower rate. It
is evident that each surface chromate species possesses dif-
ferent reduction properties. Therefore, polymeric surface
chromium oxide species reduce more readily than the iso-
lated surface chromium oxide species.

The in situ temperature-programmed Raman (TP-Raman)
studies follow the evolution of a sample under controlled
atmosphere vs temperature. The sample is heated stepwise
and Raman spectra are recorded at each temperature.
The in situ TP-Raman spectra of 1%V,05/CeO, (Fig.8)
show Raman bands at 1017 and 860 cm™! that correspond
to the polymeric surface vanadia species and a band at
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v 523 K
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Figure 8. Reaction in situ (operando) Raman spectroscopy of 1%V205/CeO, under CoHg/He (A) and C,Hg/O2/He (B) reaction feed.
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1034 cm™! corresponding to isolated surface vanadia sites.
Under a reducing atmosphere (C,Hg + He), the polymeric
surface vanadia species are more easily reduced than
the isolated surface vanadium sites, as reflected by the
preferential decrease of the two Raman bands characteristic
of polymeric surface vanadia species during the TP-
Raman experiment [Fig. 8(A)]. Under reaction conditions
(C.Hg + O, + He), however, only a small fraction of the
surface vanadia sites were reduced since at 723 K the Raman
spectrum remains very similar to the Raman spectrum of
the fresh, dehydrated sample [Fig.8(B)]. In situ UV-Vis
DRS spectroscopy measures no significant reduction for
the silica- and alumina-supported vanadia catalysts during
ethane oxidation.”” The 1% V,0s5/ZrO, catalyst shows a
slight vanadia reduction during ethane oxidation and only
5.5% reduction is observed during ethane reduction. Thus,
the average oxidation state under steady-state oxidation
conditions does not rely on the reducibility of the catalyst,
but on the equilibrium of the reduction and reoxidation
rates of the catalytic cycle. UV—Vis DRS spectroscopy is also
sensitive to the degree of polymerization of surface vanadia
species.”® During ethane oxidation, the edge energy values
are essentially unchanged on silica- or alumina-supported
vanadia, but increase on more reducible supports like
zirconia, which indicates preferential reduction of the surface
polymerized species. The polymerization degree of the
surface V(V) cations increases from the 1% to 4% V,05/ZrO,
catalysts owing to the higher surface vanadia density.*” The
polymerized surface vanadia species on 4% V,0s/ZrO, are
more easily reduced than the 1% V,05/ZrO, under ethane
reduction conditions at 723 K (23.0% vs 5.5% reduction). The
in situ TP-Raman spectra of 1% V,0s/CeO, provide further
evidence for the preferential reduction of polymeric surface
vanadia species over the isolated surface vanadia species.
The extent of reduction of supported metal oxide
catalysts is dependent on the hydrocarbon reactivity. In situ
temperature-programmed reduction Raman (TPR-Raman)
studies consist of a stepwise temperature-programmed
reduction and Raman spectra are acquired at every step. In
situ TPR-Raman experiments with 17.5% V,0s/Al,O3 under
reducing C4H;/He feed shows the complete disappearance
of the Raman bands of the surface vanadium oxide species
at 623 K.** However, 15% V,05/AL0; under a reducing
C,Hg/He gas feed shows a very strong decrease in the Raman
bands at 803 K, but not complete reduction.*” However, it
is important to stress that even when surface polymeric
metal oxide species are more reducible than the isolated
surface metal oxide species, there is not much difference
between the extent of reduction of surface metal oxide
monomers and polymers during steady-state hydrocarbon
oxidation reactions. The average oxidation state during
catalytic operation depends on the balance between the
reduction by the hydrocarbon molecule and the reoxidation
by gas-phase molecular oxygen, and it does appear that
reoxidation is faster than reduction. Therefore, supported
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metal oxide catalysts are essentially oxidized during catalytic
operation and exhibit a zero-order dependence on the oxygen
partial pressure. Furthermore, oxygen isotopic switching
experiments®’ and comparative temperature-programmed
reaction spectroscopy (TPRS) experiments with and without
oxygen*® demonstrate that the surface lattice oxygen, and not
gas-phase oxygen, is involved in these oxidation reactions
via a Mars—van Krevelen mechanism.

Reduction in hydrogen and reoxidation

In general, it appears that supported vanadia and chromia
catalysts show no new Raman bands for their reduced
surface metal oxide species.’®% However, the structural
changes taking place upon reduction of supported metal
oxides may influence the structure of the reoxidized metal
oxide phase. Thus, in situ TPR-Raman studies®” demonstrate
the dynamic states of silica-supported vanadium oxide
species. During the TPR of 0.9% V,05/5i0, (~30% of
maximum surface coverage for this specific silica), the Raman
intensity of the terminal V=0 bond of the surface vanadium
oxide species at 1037 cm~! decreases monotonically with H,
consumption during the experiments. Upon reoxidation, the
0.9% V,05/SiO, catalyst exhibits only the Raman band of the
original surface vanadia species."’9 However, a sample with
2.4% V,05/S5i0,, close to the maximum coverage of surface
vanadium oxide for this specific silica, undergoes structural
modification upon hydrogen reduction and reoxidation
(Fig. 9). At 473 K, during H,-TPR, new Raman bands at
994, 702, 284 and 146 cm™! appear which are characteristic
of crystalline V,0s. As the temperature increases during the
TPR, the Raman bands of crystalline V,0s become more
evident and then completely disappear owing to reduction
of V,05 to V,0; (black phase with extremely low Raman
scattering signal). The Raman band of the isolated surface
vanadium oxide species at 1037 cm™! persists up to 823K,
which reflects its stability as surface V(V) species. The
TPO (Temperature Programmed Oxidation)-Raman spectra
demonstrate the formation of both crystalline V,05 and
isolated surface vanadium oxide species. Therefore, near the
maximum surface coverage, the V,05/5iO, catalyst does
not completely undergo a reversible change modification
during the redox cycles. Under reducing conditions, the
surface vanadium oxide species reduce and produce no new
Raman signal, and therefore no information is available about
the reduced surface vanadium oxide species [quantitative
H, consumption demonstrate that it is reduced to surface
V(II) species]. However, as the surface vanadia coverage
increases, it is more likely to compensate for O removal
by sharing oxygen sites among the surface vanadium
oxide species. Raman, XANES and 5'V-NMR studies”® show
that surface vanadia on silica may exist in two extreme
configurations under dehydrated conditions, isolated surface
vanadia species and crystalline V,0s, but not as polymeric
surface vanadia species. Thus, any effect that promotes
interaction among surface vanadia species must lead to
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Figure 9. Selected Raman spectra of Vo05/SiO» during TPR-Raman spectroscopy of fresh sample (left) and during TPO-Raman

spectroscopy of the reduced sample (right).

the formation of crystalline V,0s, as reflected by the TPR-
Raman experiments.”” However, the Raman signal of V,05
crystals is about 10 times more intense than that of surface
VO, species.”! Hence only a very minor portion of the
surface VO, species aggregates to microcrystals during
reduction/oxidation cycles.

STRUCTURAL TRANSFORMATIONS UNDER
DIFFERENT ENVIRONMENTS

Under dry air

While supported metal oxides are stable under dehydrated
conditions, an increase in temperature may sometimes lead
to structural transformation of the surface metal oxide species
through solid-state reaction with the underlying oxide sup-
port. The intrinsic thermal stability of 12-molybdophosphoric
acid (H3PMo1,04), HPMo, can be altered by depositing it
on an oxide support. Bulk HPMo decomposes at 673 K into
B-MoOQ;, as shown by Raman bands at 851 and 775 cm~!.72
At 773 K, the - and B-MoOj phases co-exist and «-MoO;
dominates at 823 K.”? On heating silica-supported HPMo, a
progressive degradation of the HPMo phase is evident and at
823 K the Raman bands at 993, 861, 818 and 280 cm ™! reveal
that a mixture of a- and -MoO; co-exist [Fig. 10(A—f)]. The
presence of «-MoO3 at 923K is evident from the Raman
bands at 990, 816, 657, 333 and 282 cm™! [Fig. 10(A-g)].
HPMo supported on ZrO,/SiO, decomposes at lower tem-
peratures than bulk HPMo and new Raman bands start to
form at 990, 970, 770 and 360 cm~'. The Raman band at
990 cm™! is sensitive to hydration/dehydration, and corre-
sponds to surface molybdenum oxide species. The Raman

Copyright © 2002 John Wiley & Sons, Ltd.

bands at 970, 770 and 360 cm™'are not affected by hydra-
tion/dehydration and correspond to Zr(MoOy),. The forma-
tion of the Zr(MoO,), phase is promoted by temperature and
the zirconia content.”

In situ TP-Raman in dry air of ZrO,-supported Sb—V
metal oxides exhibits that both Zr and Sb react with the V
species.” The interaction between Sb and V depends on the
total Sb + V surface coverage on zirconia. The interaction of
the surface vanadium oxide species with zirconia support in
the absence of Sb leads to the formation of ZrV,0; at elevated
temperatures. This process is easier on zirconium hydroxide
and does not require the presence of crystalline V,05.7
SbVO, phases form at surface coverage near or beyond a
monolayer on zirconia. The interaction of surface vanadia
species with Sb suppresses the formation of ZrV,0;.

Under humid air

In other supported metal oxides, prolonged exposure to
moisture may further lead to important structural changes
due to the amount of water present on the catalyst. Banares,
Hu and Wachs® used in situ Raman spectroscopy to
investigate a 5% MoQOj3/5iO; catalyst under flowing oxygen
saturated with water vapor at different temperatures to
follow the structural changes of the surface molybdenum
oxide species (Fig. 11). The silica support exhibits Raman
bands at 800, 602 and 485cm~'. The intense Raman
band at 980 cm™! corresponds to the stretching mode of
the terminal Mo=O bond of the dehydrated monomeric
surface molybdenum oxide species on silica. The surface
Mo oxide Raman band overwhelms the weaker band of
silica Si—OH vibrations at ~970 cm™!. A weaker Raman
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Figure 10. Representative in situ TP-Raman spectra of HPMo/SiO» (A) and HPMo0/9.6%Zr0»/SiO» (B) at different temperatures in
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Figure 11. In situ Raman spectra of 5% MoQO3/SiO, catalysts
in flowing air saturated with water as a function of decreasing
temperature.
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band ~360 cm™! corresponds to the bending mode of the
surface molybdate species [Fig. 11(a)]. No significant changes
can be observed on decreasing the temperature from 773
to 503 K [Fig. 11(a)—(c)], which suggests that the catalyst
remains in a dehydrated state at these temperatures under
the flow of water vapor. At room temperature, Raman bands
that are characteristic of heptamolybdate (Mo;0,4°7) (944,
867, 370 and 240 cm™!) species appear after 2 h [Fig. 11(e)].
Further changes are observed in the Raman spectrum of
MoOj;/Si0; upon overnight exposure to the hydrated stream
at room temperature: new Raman bands are observed at 975,
955, 614 and 240 cm~!, which correspond in position and
relative intensity to p-silicomolybdic acid (HsSiMo012049)"*
[Fig. 11(f)]. This shows a partial dissolution of the oxide
support due to a large amount of adsorbed water since
ca 50% of the sample weight is water.®! The solubilization
of the support under extreme moisture conditions has also
been observed more recently by Carrier et al.”® and Le Bihan
et al”® for alumina-supported molybdenum oxide species.
However, these hydrated metal oxide complexes tend to
decompose at elevated temperatures owing to the loss of
moisture.

The presence of moisture may also lead to extensive
transformations of supported metal oxides. Such is the case
for silica-supported molybdenum oxide. Under ambient con-
ditions, the structure of surface molybdenum oxide species
is a hydrated surface polymolybdate species (M0;054°7)
whose structure depends on the surface pH at point of zero
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charge (PZC) of the catalyst, as discussed elsewhere (see
above). The formation of silicomolybdic acid (H4SiMo01,O4),
SMA, has also been reported upon exposure to signif-
icant moisture at room temperature.”’~” The SMA is a
Keggin-type structure consisting of 12 octahedral MoO, sur-
rounding a SiO, tetrahedron.?’ Cohesion between the Keggin
units is achieved by means of hydrated protons and water
molecules.®! Upon dehydration, the polymolybdate struc-
tures are unstable and spread over the silica surface to form
isolated surface molybdenum oxide species.®

The effect of heating silica-supported SMA in an H,O/O,
feed is presented in the Raman spectra in Fig. 12.5" At room
temperature, it exhibits the Raman bands of SMA (975,
955, 614 and 241 cm™!) and a weak band at ~818 cm™!,
due to traces of a-MoQOj;. At 473 K, Raman features are
observed near 996 and 240 cm~! as well as a shoulder at
~977 cm~! [Fig. 12(b)]. The 996, 977 and 240 cm~! bands
are assigned to dehydrated surface B-SMA species and the
shift of the 975 cm~! Raman band to higher wavenumber is
consistent with shortening of the terminal Mo=O bond
upon dehydration. The presence of the Raman band at
~240 cm~! (characteristic of Mo—O—Mo vibrations) also
reveals that the B-SMA species is still present on the
silica surface. Similar features are also present at 503 K
[Fig. 12(c)]. The Raman spectrum at 573 K shows that the
Raman band at ~996 cm™' has disappeared and that the
band at ca 240 cm ™! has broadened considerably [Fig. 12(d)].
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Figure 12. In situ Raman spectra of 5% MoOj3 (as SMA) on
silica in flowing oxygen saturated with water as a function of
increasing temperature.
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The Raman spectrum at 773 K exhibits a band at 980 cm™!
that is characteristic of the terminal Mo=0 bond of isolated
surface molybdenum oxide species on silica and no band at
~240 cm~!, which is characteristic of bridging Mo—O—Mo
vibrations [Fig. 12(e)]. In the absence of moisture, the trends
are identical with those observed in the H,O/O, stream.®'
Thus, silica-supported SMA species are not stable at 573 K
regardless of the presence or absence of moisture. Hence
the catalytic performance of MoO;/SiO, and SMA/SiO,
catalysts with the same loading of molybdenum oxide
should be identical for reactions operating at temperatures
higher than 573 K. This has been shown for the selective
oxidation of methane.®! Both catalysts show the same
activity, formation of formaldehyde, CO and CO,, and the
selectivity—conversion profiles for each product are identical
for both catalysts.®!

Under ethane oxidation reaction conditions

The in situ Raman spectra of dehydrated supported
VO, /CeO, catalysts demonstrate the disappearance of the
band for the surface vanadia species with increasing temper-
ature, which is accompanied by the formation of new intense
Raman bands that are characteristic of the bulk CeVO, phase
(840, 774, 768, 458, 369, 259, 215 and 146 cm™1).#’ It is also
interesting to underline that the selectivity trends for the
VO,/CeO, series after the solid-state reaction approaches
that of pure CeVO, (M. A. Bafiares, M. V. Martinez-Huerta,
X. Gao, . L. G. Fierro and I. E. Wachs, presented at the 220th
ACS Symposium, Washington, DC, 2000). A detailed in
situ Raman spectroscopic investigation under ethane oxida-
tion reaction conditions with on-line activity measurement
(operando Raman spectroscopy) was performed for the
VO, /CeO, system (M. A. Bafiares, M. V. Martinez-Huerta,
X. Gao, ]J. L. G. Fierro and I. E. Wachs, presented at the 220th
ACS Symposium, Washington, DC, 2000). It was found that
disappearance of the surface vanadium oxide species with
simultaneous formation of the bulk CeVO, phase does not
alter the catalytic activity, as evidenced by simultaneous
on-line GC analyses during operando Raman spectroscopy.
When the reaction temperature increases, the crystallinity
of the bulk CeVO, phase increases and ethane conversion
decreases. The crystal quality of CeVO, phase was estimated
according to the FWHM of its Raman bands. The activation
energy does not change because of the structural transfor-
mation from surface VO, species on CeO, to CeVO,/CeO;.
Therefore, it appears that it is not the nature of the active
site that changes, but only the number of active surface
sites decreases. Hence the nature of the active surface site
does not change upon formation of CeVO, from surface
VO, species on ceria (M. A. Bafiares, M. V. Martinez-Huerta,
X. Gao, J. L. G. Fierro and I. E. Wachs, presented at the 220th
ACS Symposium, Washington, DC, 2000). Therefore, incip-
ient formation of CeVO, does not significantly decrease the
number of available surface VO, sites, while an increase
in the crystallization of the bulk CeVO, phase results in a
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lower number of available surface VO sites, thus decreasing
total activity. This conclusion would not have been avail-
able through just in situ Raman studies, which underlines
the advantage of the additional information provided by
operando Raman studies.

Under methanol oxidation reaction conditions

The in situ Raman spectrum of 5% MoQO;/SiO, during
methanol oxidation reveals the presence of adsorbed surface
methoxy groups at 2995 and 2957 and 2857 cm™!, assigned
to Si—OCH;. Increasing the surface molybdenum oxide
coverage decreases the Raman intensities of these bands
owing to titration of the Si—OH sites by the deposited Mo
oxide, which demonstrates that the molybdenum oxide is
well dispersed on the silica support. The dispersed and
isolated surface molybdenum oxide species (~980 cm™!)
transforms into microcrystalline 8-MoO; (Raman bands at
842 and 768 cm™!) during methanol oxidation at 503 K.%:62
At very low surface molybdenum oxide coverage, this
aggregation is hardly appreciable, probably owing to the low
probability of interaction among the surface molybdenum
oxide species. However, the formation of the microcrystalline
B-MoO; phase becomes more intense with increasing surface
molybdenum oxide loading, at ~5% MoQ5/SiO; [Fig. 13(A)].
This is the reason for the progressive decrease in the
apparent TOF values for methanol oxidation with surface
molybdenum oxide coverage on silica.®” The decrease
in methanol conversion with surface molybdenum oxide
coverage is mainly due to this sintering phenomenon and
results in a significant decrease in the methyl formate
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formation while HCHO production shows a smoother
decrease with surface molybdenum oxide loading. These
trends depend only on the surface molybdenum oxide
coverage and are essentially independent of preparation
method and the specific silica support. There are two surface
sites for methanol oxidation over silica-supported catalysts:
surface molybdenum oxide sites and silanol groups. Surface
molybdenum oxide sites that interact with methanol form
HCHO that may desorb or further interact with nearby
surface Si—OCH; to form dimer product of methyl formate.
The increase in surface molybdenum oxide coverage has a
negative effect on the formation of methyl formate since the
surface molybdenum oxide species rearranges to crystalline
B-MoO;, which almost exclusively forms H,CO. These
structural effects account for the significant decrease in
methanol conversion to methyl formate that requires both
adjacent surface molybdenum oxide species and exposed
surface silanol sites.5

The in situ Raman spectra of 5% Re,O;/SiO, under
methanol oxidation reactions conditions exhibit the vibra-
tions of surface Si—OCH; (Raman bands at 2956 and
2856 cm~!).% The catalyst also exhibits Raman bands at 1010,
973 and 340 cm™! [Fig. 13(B)], characteristic of surface rhe-
nium oxide species,® in addition to the Raman bands at 800,
601 and 485 cm™! due to the silica support. The silica support
also has an Si—OH Raman vibrational mode at ~973 cm™",
but its intensity is much weaker that the Raman band at
~973 cm~! of the surface Re oxide species. Under reac-
tion conditions, the surface rhenium oxide species become
volatile, as reflected by the absence of Raman features of
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Figure 13. (A) Reaction in situ (operando) Raman spectra of 5%Mo0O3/SiO2; (B) 5%Re»07/SiO, catalysts at various stages of
methanol oxidation reaction. (a) O», 503 K; (b) CHzOH/O»/He, 503 K; (c) O»/He, 503 K; (d) O,, 573 K; (e) Oo, 623 K.
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the surface rhenium oxide species after reoxidation of the
samples [Fig. 13(B-c)].%

The mobility and volatility of surface Mo and Re oxides
are enhanced by the formation of metal oxide—methoxy
complexes. The Raman bands for the terminal M=0O bonds
decrease in intensity and shift to lower wavenumbers
during methanol oxidation.*>* The mobility of the surface
molybdenum oxide and the volatility of the rhenium oxide
species on the silica support are attributed to the formation
of M—OCH; complexes. These complexes result in the
volatilization of the surface rhenium oxide species and the
crystallization of the surface molybdenum oxide species. The
Mo—OCH;j; species were also somewhat volatile because
Mo deposits were detected on the glass portion of the
reactor exit.®? The strong interaction of surface molybdenum
oxide species with methanol that leads to its structural
rearrangement into microcrystalline f-MoOj also affects the
stability of silica-supported silicomolybdic acid, which at
573 K under methanol oxidation reaction conditions forms
ﬂ-MOO3.6l

CONCLUSIONS

Raman spectroscopy is a very versatile molecular charac-
terization technique for studying supported metal oxide
catalysts under different environments. Dehydrated sup-
ported metal oxide species consist of metal cations sur-
rounded by oxygen ions, one of which is a terminal
M=0 bond and the others bridge the cations to the oxide
support (M—O—support) or to adjacent surface cations
(M—O—M). Exposure to moisture leads to coordination of
water, which under reaction conditions may compete with
reacting molecules. At high temperature, moisture read-
ily exchanges oxygens in the supported metal oxides. The
interaction with moisture becomes more pronounced as the
temperature decreases. At ambient temperature, this inter-
action leads to the solvation and even the dissolution of the
supported oxides. Under ambient conditions, the molecu-
lar structures of the hydrated supported metal oxides are
determined by their chemistry in aqueous solutions, which
depends on their concentration and solution pH. The pH
value corresponds to the PZC (point of zero charge). The
pH at PZC value is determined by (1) the specific oxide
support, (2) the specific active supported metal oxide and
(3) the surface coverage of the active supported metal oxide.
The presence of extensive water may also lead to a partial
dissolution of the oxide support cation.5!:7>76

Dehydrated polymeric surface metal oxide species are
preferentially reduced over the corresponding dehydrated
surface monomeric species. Under reaction conditions,
however, the average oxidation state does not depend on
the reducibility of the surface oxide but on the balance
between reduction and reoxidation rates during the catalytic
process. The catalytic reactivity of the supported metal oxide
catalysts does not appear to be associated with the terminal
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M=0 bond, which is too stable to be directly involved in
the kinetically critical rate-determining step. The bridging
oxygen sites among surface metal oxide cations, M—O—M,
do not appear to have a significant role since the TOF values
are not affected by the coverage of the active surface metal
oxide species. Several independent factors strongly suggest
that the V—O—support bridging oxygen is the kinetically
critical active site during oxidation reactions since changing
the oxide support ligand can influence the TOF values by
orders of magnitude. In some cases, as in the oxidation of
n-butane to maleic anhydride, surface coverage does have
a strong effect and the TOF values increase, but this is
related to a geometric requirement of several sites in close
vicinity for an efficient activation of the n-butane molecule
and its oxidation by four oxygen atoms to yield maleic
anhydride. Similarly, the bimolecular reaction between NO,
and NHj3 during SCR requires two adjacent surface acid
and redox sites and the TOF value increases with surface
metal oxide coverage. However, for unimolecular oxidation
reactions that require only the consumption of one surface
oxygen atom, only one surface active metal oxide site appears

59,60,63

to be required (methanol to formaldehyde, methane

to formaldehyde > ethane to ethylene,? %47 propane to
propylene,*#° 1-butene to butadiene® and SO, to SO;%).

A complete fundamental understanding of the structural
changes of supported metal oxides under different environ-
ments cannot always be fully understood just through in situ
Raman spectroscopy, but requires the application of comple-
mentary spectroscopic characterization techniques. Also, the
incorporation of simultaneous catalytic activity and selec-
tivity measurement with the spectroscopic studies under
reaction conditions (operando spectroscopy) provides key
information to be able to understand more fully the struc-
ture—activity /selectivity relationship at a molecular level for
supported metal oxide catalysts.

The performance of bulk mixed-metal oxides must be
determined by the nature of the outermost surface layer,
directly exposed to reacting molecules rather than by the
bulk structure. Recent studies have revealed that the surfaces
of bulk mixed molybdates are covered by monolayers of
surface Mo oxide.®% Therefore, we are now at the dawn
of a new approach to understanding fundamentally the
molecular structure—activity /selectivity relationship of bulk
mixed-metal oxide catalysts, since the knowledge developed
for supported metal oxides in the past decade can be directly
applied to the molecular-level understanding of bulk mixed-
metal oxide catalysts.
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