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The fundamental information that is currently being obtained
from laser Raman characterization of supported metal oxide cata-
lysts is reviewed. The Raman vibrational spectra reveal that the
states of the supported metal oxides are very different from their
bulk, unsupported oxide counterparts. The ability to discriminate
between different states allows the determination of which param-
eters control the metal oxide phases present in supported metal
oxides. For example, the structural transformations that occur at
elevated temperatures in the supported metal oxide systems are
readily monitored using Raman spectroscopy, and the important
parameter controlling the metal oxide phases for many of these
systems, such as WO,/Al,0,, is the surface density of the surface
metal oxide. In situ Raman spectroscopy studies provide addition-
al information about the nature of the surface metal oxide and dis-
tinguish between metal oxides that are adsorbed on the alumina
support surface and metal oxides that appear to be absorbed into
the alumina support surface. Information about the structure of
the surface metal oxide is also contained in the Raman vibrational
spectrum, and the structures of surface rhenium oxide on alumi-
na, ReO,, and surface chromium oxide on alumina, CrO, and
Cr,0,, are presented. Recent catalytic studies have shown that
the surface metal oxides are responsible for the activity and selec-
tivity of many supported metal oxide catalysts.
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is dispersed on a second metal oxide substrate. Supported

metal oxides are widely used as catalysts to accelerate chemi-
cal reactions and control reaction selectivity in the petroleum and
chemical industries. Many of the petroleum and chemical processes
use catalysts (1), and a significant portion of these catalysts is in the
form of supported metal oxides (2,3). Catalysts also are used exten-
sively to reduce automobile and industrial plant emissions (1). Most
commercial catalysts contain alumina (Al,O,), silica (Si0,), or titania
(TiO,) as the metal oxide substrate. When a metal oxide is dispersed

S upported metal oxides are formed when one metal oxide phase

on a second metal oxide substrate, the supported metal oxide phase
can simultaneously possess several different chemical states. The
multiple chemical states that can simultaneously be present in the
supported metal oxide phase have acted as a source of confusion and
have hampered progress in the understanding of supported metal ox-
ide catalysts because of the lack of applicable characterization tech-
nigues that can discriminate between these different states. Conven-
tional catalyst characterization techniques provide some general
information about the supported metal oxide phase, but they are not
adequate to discriminate between the different chemical states that
are simultaneously present (4). In the past few years, however, char-
acterization studies of supported metal oxides have shown that the
different chemical states in the supported metal oxide phase can be
discriminated with the use of laser Raman spectroscopy (5-65). This
technique can discriminate between the different chemical states of
the supported metal oxides because each state possesses a unique vi-
brational spectrum that is related to its structure. Therefore, Raman
spectroscopy provides direct information about the structure of each
state as well as a method to discriminate between the various states.
To date, the supported metal oxides studied with Raman spectroscopy
include molybdenum oxide (5-37), tungsten oxide (12-14, 20, 25.
31, 38-48), vanadium oxide (31, 49-59), rhenium oxide (60-62).
chromium oxide (63, 64), and nickel oxide (65). This article will re-
view four types of information that can be obtained from Raman
characterization of supported metal oxides: identification of different
metal oxide phases, structural transformations of metal oxide phases,
location of the supported oxide on the oxide substrate, and the struc-
ture of the supported metal oxide phase. The examples used to dem-
onstrate these points have been taken from the authors’ Raman stud-
ies of the past few years.

RAMAN THEORY AND MOLECULAR STRUCTURE
Observations of the Raman effect were first reported in 1928 by Ra-
man and Krishnan in the course of work carried out on the light-scat-
tering of molecules (66). Scattered light can be thought of as compris-
ing an elastic component — generally referred to as the Rayleigh
scattering — and an inelastic component. Raman scattering may be
regarded as an inelastic collision of an incident photon with a mole-
cule either in its ground energy state or in an excited energy state. In
contrast with fluorescence and phosphorescence, the Raman effect
does not require the incident light to be coincident with an absorption
band because the photon is never entirely absorbed. The photon
merely perturbs the molecule, thereby inducing a vibrational or rotd-
tional transition. Consequently, in principle, any wavelength of light
can be used to study the Raman effect.

The Raman effect is concerned with the polarizability of the mole-
cule and the dipole moment induced or distorted by the electric field
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of the incident light (67). Given the relatively large masses of the
atomic nuclei and incident light of high enough frequency, the ex-
change of energy between the incident photon and the rotational or vi-
brational motions of the molecule results almost entirely from the po-
larizability of the electrons (68). The selection rule for a vibrational
Raman spectrum depends on whether the polarizability changes
when the molecule vibrates. If this occurs, then the vibration is Ra-
man active. For a linear polyatomic molecule composed of N nuclei,
the molecule may vibrate 3N—5 ways, whereas a nonlinear poly-
atomic molecule may vibrate 3V —6 ways. These two species possess
a maximum of 3N—5 and 3N—6 fundamental vibrational modes,
respectively.

The vibrational selection rules of the Raman effect are based en-
tirely on symmetry considerations. Thus, if the structure for a given
molecule were known, a thorough application of vibrational analysis
— based on the pertinent symmetry elements of the free molecule —
could be used to determine the number of permitted fundamental fre-
quencies as well as the entire Raman spectrum (69). Generally, the vi-
brations of a particular common group of atoms or functional group
are relatively independent of the rest of the molecule and vibrate
within a specific range of frequencies. This group frequency ap-
proach allows the qualitative assignment of molecular species by
carefully fingerprinting experimental spectra against those from
compounds of known structure. For example, if two separate struc-
tures were proposed for an unknown compound, the vibrational anal-
ysis would predict two different Raman spectra. A comparison with
the actual Raman spectrum would tend to support one of the proposed
structures and not the other.

The discrimination between alternate models of differing molecu-
lar geometries that might be proposed for a given molecular species
becomes a viable task when vibrational modes are assessed (70). For
an undistorted, tetrahedral molecule of type MO, (T, symmetry
group), there are four fundamental vibrational modes [v,(4,) + vi(E)
+v,(F)) + v,(F,)], and all are Raman active. As the symmetry is low-
ered (thatis, C,,, C,,, and so on), still more of the nine possible funda-
mentals (3N—6) become Raman active. For an undistorted octahe-
dral molecule of type MO, (O, symmetry group), there are three
Raman active vibrational modes [v,(4,,) + v(E) + vi(F2)]s and as
distortions occur and the high degree of symmetry is lost (with, for
example, D,,, D,,. and D,,), a progressively greater number ofthe 15
possible fundamental modes become Raman active. The Raman
spectrum may be further complicated by other effects (including
combination bands, overtones, and lattice modes) that are not regard-
ed as fundamental mode splitting because of a lowering of symmetry,
which may result in a greater number of observed bands than would
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Figure 1. Schematic of Raman spectroscopy apparatus.

normally be expected (71 -75). Application of the above information
to Raman studies of supported metal oxides has provided very de-
tailed molecular information about the supported metal oxide phases.
Several examples will be discussed in this article to demonstrate the
wealth of fundamental information provided by laser Raman spec-
troscopy of supported metal oxides.

EXPERIMENTAL

A schematic diagram of the experimental setup used in the authors’
laboratory is presented in Figure 1. A model 2020-05 Ar" laser
(Spectra-Physics, Mountain View, California) is used to deliver the
incident radiation, typically 514.5 nm, and the plasma lines are re-
moved with a model 1460 tunable excitation filter (Spex Industries,
Edison, New Jersey). The 1-100 mW incident radiation excites the
sample within the sample illuminator (Spex, model 1459), and the
scattered light is then directed into a Triplemate spectrometer (Spex,
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model 1877). The first stage consists of a zero-dispersion double-
monochromator that disperses the radiation in opposite directions
and acts like a wavelength-selectable interference filter. The second
stage consists of a rotating turret with up to three selectable gratings
of different groove densities, the choice of which affects both the
spectral resolution and the spectral range. The detector system uses a
model 1463 optical mutichannel analyzer (OMA) equipped with a sil-
icon-intensified photodiode array (EG&G, Princeton Applied Re-
search, Princeton, New Jersey). An ethylene glycol/water mixture
cooled to —20 °C is circulated around the detector, which is ther-
moelectrically cooled to —30 °C. The Raman spectra are recorded
using an OMA III dedicated computer and software (EG&G, PAR).
The overall resolution of the described Raman system with a 1200
grooves/mm grating was experimentally determined to be less than 3
cm ' in scans in which the spectral range was about 800 cm ™'

Additional fundamental information about the state of the support-
ed metal oxides is provided by in situ Raman experiments in which
the temperature and gaseous composition are controlled (31). A sche-
matic diagram of the in situ cell used in these studies is shown in Fig-
ure 2. With this arrangement, the sample can be heated to 600 °C
while various gases flow through the sample cell. Additional details
about the in situ cell have been described elsewhere (76).

SUPPORTED METAL OXIDES AS SURFACE OXIDES

The Raman spectra of crystalline WO, crystalline Al,(WO,),, and
10% tungsten oxide dispersed on an alumina support (10% WO,/
Al0,) are presented in Figure 3. Crystalline WO, possesses numer-
ous Raman active vibrational modes with the major Raman bands at
808, 711, and 273 cm ™' (44). Crystalline AL,(WO,),, formed by the
solid-state reaction between tungsten oxide and alumina at elevated
temperatures, exhibits strong Raman bands at 1057, 386, and 371
cm™'. The 10% WO,/Al,O, sample containing the supported tungsten
oxide phase does not exhibit the strong Raman bands characteristic of
crystalline WO, or of crystalline Al,(WO,),, but has weak and broad
bands at ~986, ~870, and ~300 cm™'. The y-Al,O, support does not
exhibit any Raman active modes. The relative Raman cross-sections
of these tungsten oxide phases are also very different. The crystalline
WO, band at 808 cm ' is approximately 160 times stronger than the
supported tungsten oxide band at 986 cm ™' per unit of tungsten ox-
ide, and the crystalline Al,(WO,), Raman band at 1057 cm ' is ap-
proximately five times stronger than the supported tungsten oxide

T T T T T T T T T

_\j 10% WO,/ALO, (500 °C)
2
‘m
=
()]
=
=
[}
£
(o]
@

L wo, A
1 1 1 1 1 1
1200 1000 800 600 400 200

Raman shift (cm ')

Figure 3. Raman spectra of crystalline WO,, crystalline
Al,(WO,),, and 10% WO,/Al,O,.
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Figure 4. Raman spectra of WO,/Al,0, as a function of tungsten
oxide content.

band at ~986 cm ' per unit of tungsten oxide. The Raman vibrational
spectra reveal that the state of the supported tungsten oxide on alumi-
na is very different from that found in crystalline WO, and AL(WO,):.
The different state of the supported tungsten oxide on alumina rela-
tive to crystalline WO, and AL(WO,), is also reflected in the different
chemical properties — such as reducibility — of these metal oxides
(48). Similar results have also been obtained with other supported
metal oxides: nickel oxide (65), rhenium oxide (60-62). chromium
oxide (63,64), molybdenum oxide (5-37), tungsten oxide (12-
14,20,25,31,38-48), and vanadium oxide (31,49-59).

The influence of the tungsten oxide content upon the laser Raman
spectra of WO,/Al,0, samples is shown in Figure 4, The major Ra-
man band for the supported tungsten oxide phase occurs at n971
cm”' for 2% WO,/AL0,, ~986 cm ™' for 10% WO,/ALO;, and
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Figure 5. Raman spectra of 10% WO,/Al,0, as a function of cal-
cination temperature.
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~1001 em ™' for 30% WO,/ALO,. The laser Raman spectrum of the
30% WO,/AL,0, sample also exhibits Raman bands at 808, 711, and
273 em~’, which are characteristic of crystalline WO,. The crystal-
!ine WO, Raman bands further intensify with increasing tungsten 0x-
ide content above 30% WO,/ALO, (see Figure 4 for 35% WO,/
ALO,). The Raman bands of the crystalline WO, phase, unlike the
Raman bands of the supported tungsten oxide phase, are fixed in po-
sition and do not shift with crystalline WO, content. The shift in the
Raman band at lower tungsten oxide content is from interactions in
the supported tungsten oxide two-dimensional overlayer with in-
creasing tungsten oxide coverage (47). The WO,/Al,O, Raman spec-
tra in Figure 4 also reveal that the alumina support possessing " 180
m/g can accommodate ~30% WO, as a surface tungsten oxide phase
(one monolayer of surface tungsten oxide); tungsten oxide in excess
of this amount is present as crystalline WO,.

SOLID-STATE CHEMISTRY OF SUPPORTED

METAL OXIDES

The ability to discriminate between the different chemical states of
tungsten oxide (crystalline WO, crystalline AL(WO,),, and surface
tungsten oxide) with Raman spectroscopy provides a convenient
probe to monitor the structural transformations that occur in the
WO,/ALLO, system with increasing temperature. The transformations
that occur for 10% WO,/ALQ, as the calcination temperature is in-
creased are shown in the Raman spectra of Figure 5. The 10% WO,/
ALO, sample treated at 500 °C exhibits only the Raman bands of the
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(b) 6-Al,0,
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(c) 3-A|903
T AL(WO.), o
(d) 6-Al.O,
Figure 6. Structural transformations of 10% WO,/Al,0, system
with calcination temperature. Structure after heating to: (a)
500 °C, (b) 950 °C, (c) 1000 °C, and (d) 1050 °C. '

surface tungsten oxide. Additional Raman bands, however, are
present at 253, 559, 743, and 840 cm ' after heating to 950 °C be-
cause of the phase transformation of y-Al,O; (Raman inactive) to 6-
ALO, (major peaks at 253, 559, 743, and ~840 cm™"). Furthermore,
the major Raman band of the surface tungsten oxide shifts from ~986
to ~1001 cm ' during this thermal treatment and reflects the increase
in surface density of the tungsten oxide on the alumina support surface
as a result of the significant decrease in surface area (from ~180 to
~65 m’/g) of the alumina support (49). The surface tungsten oxide Ra-
man band at ~1001 cm™ ' suggests that a close-packed tungsten oxide
monolayer on the alumina surface is formed during the 950 °C thermal
treatment because this band position corresponds to that found for a
monolayer of surface tungsten oxide on alumina (Figure 4). These
structural transformations are depicted in Figures 6a and 6b.

The formation of the close-packed tungsten oxide monolayer does
not preclude the alumina support from additional loss in surface area
at even higher temperatures. Further heating of the 10% WO,/Al,O,
sample to 1000 °C results in additional loss in surface area of the alu-
mina support, and a portion of the surface tungsten oxide is forced to
leave the monolayer to form crystalline WO, (major Raman bands at
808. 711, and 273 cm ') and crystalline AL(WO,), (major Raman
bands at 1057, 386, and 371 cm™ ). The spectrum of 10% WO,/ALO,
heated to 1000 °C is dominated by the Raman bands of crystalline
WO, because of the extremely high Raman cross-section of this phase
relative to crystalline Al,(WO,),, surface tungsten oxide, and
6-Al,0,. All four phases, however, are present in the 10% WO,/
ALO, sample calcined at 1000 °C (44). After additional heating at
1050 °C. all the tungsten oxide phases in the 10% WO,/AlO, convert
to AL(WO,), — the only thermally stable tungsten oxide compound
for the W-AI-O system. At these elevated temperatures, the crystal-
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Figure 7. In situ laser Raman spectra for 7% WO,/TiO,. Sample
at temperatures of: (a) 20 °C, (b) 500 °C, (c) 80 °C, and (d) 20 °C,
ambient environment.

line WO, readily reacts with the alumina support to form crystalline
AlL(WO,),. A series of detailed studies revealed that crystalline WO,
must be present in the WO,/AlL O, sample for Al,(WO,), formation to
occur (45,47, 48). These changes are schematically presented in Fig-
ures 6¢ and 6d. The laser Raman studies reveal that the important
parameter controlling the tungsten oxide phases in the WO,/Al,O,
system is the surface density of the surface tungsten oxide on the alu-
mina support.

IN SITU RAMAN SPECTROSCOPY OF

SURFACE METAL OXIDES

Another advantage of the Raman technique is that experiments can be
performed in situ, under conditions in which the sample environment
(temperature and gas composition) can be controlled. Such experi-
ments provide additional information about the surface metal oxide
as shown in Figure 7 for 7% tungsten oxide dispersed on a titania sup-
port. The Raman spectrum of the 7% WO,/TiO, sample held at room
temperature (Figure 7a) exhibits a broad band at ~970 cm ™' that is
characteristic of surface tungsten oxide (Figure 3). Heating the 7%
WO,/TiO, sample to 500 °C in a flowing dry-air environment results
in a simultaneous sharpening and shift of the surface tungsten oxide
Raman band to ~1011 cm ™' (Figure 7b). Additional characterization
studies revealed that this thermal treatment removes moisture origi-
nally present on the sample surface from prior exposure to the ambi-
entenvironment (31). Cooling the 7% WO,/TiO, sample to 80 °C, as
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Figure 8. Raman spectra of crystalline NiO, crystalline NiAlO,,
and 8% NiO/AI,Q,.
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shown in Figure 7c, causes a slight sharpening of the surface tungsten
oxide Raman band because of the removal of thermally induced band
broadening, and the moisture-free environment maintains the Raman
band at ~1011 cm™'. The original broad surface tungsten oxide Ra-
man band at ~970 cm ' is only restored after the sample is exposed to
moisture (Figure 7d); this spectrum resulted after exposing the 7%
WO,/TiO, sample to the ambient environment. This in situ experi-
ment reveals that water molecules coordinate to the surface tungsten
oxide and affect its state. The presence of the coordinated water mol-
ecules appears to increase the disorder in the two-dimensional sur-
face oxide layer as reflected by the broadening of the surface tungsten
oxide laser Raman band in the presence of moisture. The ability t0
adsorb and desorb water molecules from the surface tungsten oxide
further reveals that the surface tungsten oxide must be adsorbed on
the titania support surface as schematically depicted in Figure 6 for
surface tungsten oxide on alumina. Similar in situ Raman behavior
was also observed for other metal oxides (rhenium oxide, chromium
oxide, molybdenum oxide, tungsten oxide, and vanadium oxide) on
alumina and titania supports (31,33,46,61-63), demonstrating that
these metal oxides are adsorbed on the oxide supports.

The Raman spectra of crystalline NiO, crystalline NiALO,, and
8% nickel oxide dispersed on an alumina support are presented in
Figure 8. Crystalline NiO is composed of a distorted cubic NaCl
structure, in which each Ni ion is coordinated by a regular octahe-
dron of oxygen ions (77). Raman bands are observed at ~460 and
~500 cm ' (65) arising from first-order defect-induced phonon scat-
tering (78,79). Crystalline NiAl,Q,, formed by the solid-state reac-
tion between NiO and Al,O, at elevated temperatures, exhibits major
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Figure 9. In situ Raman spectra for 13% NiO/Al,O,. Tempera-
tures: (a) 20 °C, (b) 400 °C, (c) 600 °C for 2.5 h, and (d) 20 °C.

Raman bands at 600 and ~375 cm ™' (65). Crystalline NiAlLO, pos-
sesses a spinel structure with Ni in octahedral and tetrahedral envi-
ronments (77). The 8% NiO/Al,0, sample containing the supported
nickel oxide phase does not exhibit the Raman bands of crystalline
NiO and NiAL,O,, but has a very broad band at ~v550 cm'. The Ra-
man vibrational spectra demonstrate, as discussed earlier for the sup-
ported tungsten oxide systems, that the state of the supported nickel
oxide on alumina is very different from that found in crystalline N i0
and NiALO,. The characteristics of the supported nickel oxide Ra-
man vibrational spectrum, however, are very different from those
earlier presented for the supported tungsten oxide phase. The sup-
ported nickel oxide on alumina possesses a Raman band at ~v550
em ' that is two orders of magnitude weaker than the major Raman
band at ~900-1000 cm ' for the supported tungsten oxide on alumi-
na. The different positions of the Raman bands for the supported
nickel oxide and tungsten oxide reflect the types of oxygen associated
with these metal oxides (74). The supported tungsten oxide Raman
band at ~900-1000 cm " indicates that W =0 bonds are present in
the surface tungsten oxide on alumina. The supported nickel oxide
Raman band at ~v550 cm ™' indicates that only Ni-O bonds are present
in the surface nickel oxide on alumina. The response of the supported
nickel oxide on alumina to an in situ experiment is also very different
from that presented earlier for the supported tungsten oxide, as
?hUWn in Figure 9 (65). The Raman band of the supported nickel ox-
ide on alumina is not affected by the removal of the moisture present
on the sample surface (compare Figures 9a and 9d) and suggests that
water molecules do not coordinate to the supported nickel oxide. The
pronounced thermal broadening of the supported nickel oxide Raman
band at elevated temperatures (Figures 9b and 9¢) suggests that the
nickel oxide vibrational modes may be intimately coupled to the vi-
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Figure 10. Raman spectra of rhenium oxide reference com-

pounds.

brations of the alumina support (79). The water insensitivity of the
supported nickel oxide Raman band and its pronounced thermal
broadening at elevated temperatures are consistent with the incorpo-
ration of the nickel oxide into the defects of the y-Al,O, surface (for-
mation of a surface spinel). The ease with which nickel oxide diffuses
into the alumina support is well known (80). Formation of a surface
nickel oxide—alumina spinel would account for the inability of the
water molecules to coordinate to the nickel oxide species and explain
the intimate vibrational coupling of the nickel oxide and explain the
alumina support. This hypothesis suggests that the nickel oxide is not
adsorbed on the alumina support as is surface tungsten oxide, but that
the surface nickel oxide is absorbed into the surface of the alumina
support. Thus, in situ laser Raman spectroscopy studies are capable
of distinguishing between metal oxides that are adsorbed on the alu-
mina support surface and metal oxides that appear to be absorbed into
the alumina support surface as a surface spinel.

THE STRUCTURES OF SURFACE METAL OXIDES

The Raman vibrational spectrum also contains detailed information
about the structure of metal oxides because the vibrational selection
rules are determined by the symmetry of the coordinated compound
(70). The laser Raman spectra of several rhenium oxide reference
compounds are presented as stick diagrams in Figure 10. In aqueous
solution [ReQ,]  assumes regular tetrahedral symmetry, 7,, and ex-
hibits Raman bands at 971 cm ™' (v, symmetric stretch of the ReO,
group), 916 cm”' (v, antisymmetric stretch of the ReO, group), and
332 cm™' (v, symmetric and v, antisymmetric bending modes of the
ReO, group) (81). Tetrahedrally coordinated compounds can give
rise to four Raman active modes, but aqueous [ReO,] exhibits only
three Raman modes because the bending modes are degenerate and
unresolvable (82). In solid perrhenates (NH,ReO,, KReO,, and
NaReO,) the [ReO,]” ions assume distorted tetrahedral structures
consistent with S, site symmetry (83). For such slightly distorted tet-
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Figure 11. Raman spectra of rhenium oxide on alumina as a
function of rhenium oxide content.
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rahedrally coordinated compounds, the antisymmetric modes, v, and
v,, and the symmetric bending mode, v,, are split into doublets (83).
Gaseous Re,0, consists of two tetrahedral ReO, groups that contain
one bridging oxygen between them and exhibit Raman bands at 1009
cm”' (symmetric stretch), 960 cm”' (antisymmetric stretch), 341
cm ' (symmetric and antisymmetric bending modes), 456 cm ™'
(symmetric stretch of the bridging Re-O-Re group), and 185 cm
(bending of the bridging Re-O-Re) (85). The Raman spectrum of
compounds possessing rhenium oxide in octahedral coordination ex-
hibits a very different vibrational spectrum. For regular octahedral
symmetry, only three modes are Raman active (67). The compound
a-Li,ReO, possesses regular octahedral symmetry and has Raman
bands at 680 cm ' (symmetric stretch), 505 cm ' (antisymmetric
stretch), and 360 cm ™' (bending mode) (84). The positions of the Ra-
man bands for regular octahedral symmetry and relative peak posi-
tions are very different from those present in the Raman spectra of
tetrahedral compounds and reflect the different types of rhenium-ox-
ygen bonds present in each case (85). These differences in peak posi-
tions are related to the presence of Re=0 bonds in the tetrahedral
compounds and Re-O bonds in the regular octahedral compound.
Comparison of the spectrum of rhenium oxide on alumina (Figure
11) with the spectra of the reference compounds (Figure 10) permits
the determination of the coordination of the supported rhenium oxide
on alumina. The Raman spectra of rhenium oxide on alumina possess
vibrational bands at 980, 920, and 335 cm ', which are independent
of rhenium oxide surface coverage. These Raman features are con-
sistent with the presence of isolated, tetrahedrally coordinated sur-
face rhenium oxide, ReO,, on the alumina support.

Chromium (VI) oxide compounds, specifically the mono- and di-
chromates, consist of tetrahedrally coordinated chromium atoms in
both the crystalline phase (86-88) and in aqueous solution (89). The
Raman spectra of the chromates are quite similar to those found for the
tetrahedrally coordinated rhenium oxide compounds, with the excep-
tion of the reversed order of symmetric and antisymmetric stretching
band frequencies (v, > v, for rhenium oxide and v, > v, for ¢chromium
oxide) (70). The Raman spectra for K,CrO, and K,Cr,0, are shown in
Figure 12, which compares the monochromate with the dichromate
species, in which a Cr-O-Cr linkage is present. In comparison to the
monochromate, the dichromate exhibits higher symmetric and anti-
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Figure 12. Raman spectra of chromium oxide reference com-
pounds — potassium chromate (K,CrO,) and potassium
dichromate (K,Cr,0,).
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Figure 13. Raman spectra of CrO,/Al,0, as a function of chro-
mium oxide content.
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symmetric stretching frequencies (853 =911 cm ™', 880 — 961 cm %
and 868 — 945 cm ™) as well as a Cr-O-Cr symmetric stretch at 563
em ' and Cr-O-Cr bending mode at 228 cm~'. The Raman spectra for
chromium oxide on alumina are presented in Figure 13. Note that the
CrO,/AlLO, spectra exhibit Raman bands consistent with monochro-
mate as well as a small band at ~225 cm ' from the bending mode of
the Cr-O-Cr group. Thus, the chromium oxide Raman spectra reveal
that the surface chromium oxide is present as an isolated, tetrahedrally
coordinated surface chromium oxide, CrO,, in addition to as a dichro-
mate surface chromium oxide species, Cr,0,.

CONCLUSION
This article reviewed the types of fundamental information that are
currently obtainable from the Raman characterization of supported



metal oxide catalysts. The Raman vibrational spectra reveal that the
states of the supported metal oxides are very different from their
bulk, unsupported oxide counterparts. The ability to discriminate be-
1ween different states allows the determination of which parameters
control the metal oxide phases present in supported metal oxides. For
example, the structural transformations that occur at elevated tem-
peratures in the supported metal oxide systems are readily monitored
with Raman spectroscopy and the important parameter controlling
the metal oxide phases for many of these systems, such as WO,/
Al,0,, is the surface density of the surface metal oxide. In situ Raman
spectroscopy studies provide additional information about the nature
of the surface metal oxide as well as distinguishing between metal ox-
ides that are adsorbed on the alumina support surface and metal ox-
ides that appear to be absorbed into the alumina support surface. In-
formation about the structure of the surface metal oxide is also
contained in the Raman vibrational spectrum, and the structures of
surface rhenium oxide on alumina, ReO,, and surface chromium ox-
ide on alumina, CrO, and Cr,0,, were presented. Recent catalytic
studies have shown that the surface metal oxides are responsible for
the activity and selectivity of many supported metal oxide catalysts
(35.53,55,57,58).
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