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In situ Raman spectroscopy studies of catalysts

Israel E. Wachs
Zettlemoyer Center for Surface Studies and Department of Chemical Engineering, Lehigh University, Bethlehem, PA 18015, USA

In situ Raman spectroscopy is rapidly becoming a very popular catalyst characterization method because Raman cells are being
designed that can combine in situ molecular characterization studies with simultaneous fundamental quantitetive kinetic studies. The
dynamic nature of catalyst surfaces requires that both sets of information be obtained for a complete fundamental understanding of
catalytic phenomena under practical reaction conditions. Several examples are chosen to highlight the capabilities of in situ Raman
spectroscopy to problems in heterogeneous catalysis: the structural determination of the number of terminal M=O bonds in surface
metal oxide species that are present in supported metal oxide catalysts; structural transformations of the MoO3/SiO, and MoO3/TiO;
supported metal oxide catalysts under various environmental conditions, which contrast the markedly different oxide-oxide interactions
in these two catalytic systems; the location and relative reactivity of the different surface M—OCH3 intermediates present during CH3OH
oxidation over V,05/SIO, cataysts; the different types of atomic oxygen species present in metallic silver catalysts and their role during
CH30H oxidation to H,CO and CyH4 epoxidation to CoH4O; and information about the oxidized and reduced surface metal oxide
species, isolated as well as polymerized species, present in supported metal oxide catalysts during reaction conditions. In summary,
in situ Raman spectroscopy is a very powerful catalyst characterization technique because it can provide fundamental molecular-level
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information about catalyst surface structure and reactive surface intermediates under practical reaction conditions.
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1. Introduction

Raman spectroscopy is among the handful of catalyst
characterization techniquesthat can provide molecular-level
information about heterogeneous catalysts under in situ con-
trolled environmental conditions (temperature, partial pres-
sures of the gas phase components, etc.) [1]. The combi-
nation of fundamental molecular structural information and
in situ capabilities has resulted in an explosion of Raman
spectroscopy characterization studies in the catalysis liter-
ature (see figure 1). Twenty years ago only a handful of
Raman spectroscopy publications appeared in the cataly-
sis literature and none were in situ studies. In the past
few years, more than 100 Raman characterization publica-
tions have appeared annually in the catalysis literature and
a significant fraction of the papers were performed under in
situ conditions (about 2040 publications/year). Presently,
the total number of Raman spectroscopy studies that have
appeared in the catalysis literature amount to 1322 publica-
tions of which 221 are in situ studies. These in situ Raman
studies have demonstrated the dynamic nature of heteroge-
neous catalyst surfaces and the importance of performing
characterization studies under reaction conditions.

Several recent publications have extensively surveyed
the Raman studies that have appeared in the heterogeneous
catalysis literature [2—6]. Consequently, the purpose of this
paper is only to illustrate the type of fundamental infor-
mation that can be obtained from in situ Raman studies of
heterogeneous catalysts. The examples will be taken from
the author’s research laboratory where much of the work
has focused on supported metal oxide catalysts and oxi-
dation reactions. The examples selected will address the
following topics: (1) molecular structural determinations,
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Figure 1. Number of Raman publications in cataysis.

(2) structural transformations of surface metal oxides, (3)
surface reaction intermediates and (4) reduction of surface
metal oxide species during oxidation reactions.

2. In situ Raman cells

The major limitation to performing in situ Raman stud-
ies is the lack of commercially available in situ Raman
cells. This has resulted in the design of in situ Raman
cells that have become more sophisticated with time. One
of the initial in situ Raman cells was designed by Wang
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Figure 2. Rotating in situ Raman cell.

and Hall [7]. The cell contained a self-supporting catalyst
wafer attached to a stationary rod that could be cooled to
sub-ambient temperatures with liquid nitrogen. Such an in
situ Raman cell was satisfactory for the investigation of
ambient (hydrated) and dehydrated catalyst samples. How-
ever, the stationary feature of this design resulted in po-
tential problems due to local heating of the catalyst sasmple
by the focused laser beam (e.g., laser-induced dehydration,
photocatalysis and sample damage in rare cases). In or-
der to minimize local heating effects, in situ Raman cells
were developed that could be rotated at up to ~2000 rpm
(see figure 2) [8,9]. These designs aso employed self-
supporting catalyst wafers, which caused significant gas
bypassing around the catalyst wafer as well as potential
internal mass transfer limitations. Thus, only the exterior
region of the catalyst wafer primarily participates in the
catalytic reaction since there is no driving force to push the
flowing gases through such a pressed porous catalyst wafer.
Fortunately, the Raman signal also originates from the ex-
terior region of the catalyst wafer because of its limited
sampling depth (~1 pm), and the Raman signal is essen-
tially sampling the reaction region. However, simultaneous
fundamental kinetic studies are difficult to perform with
catalyst wafers because of their inherent mass transfer lim-
itations. In an attempt to get around this problem, Volta et
a. designed a stationary cell with gas flow through loose
catalyst powder and employed a rotating laser beam [10].
The advantage of this cell design is that the reactive gas
flows through the loose catalyst powder, but the arrange-
ment employed does not result in plug flow conditions and
thereis significant back-mixing due to the open empty space
above the loose powder. Thus, fundamental kinetic data are
not readily obtained in such a system. Liao et a. designed
amoving in situ Raman cell where quantitative fundamen-
tal kinetics are achievable[11]. In their design, the reactive
gas flows through aloose powder and the cell moves up and

down in order not to hold the laser beam in one spot during
theanalysis. The advantage of this arrangement is that plug
flow through a packed catalyst bed is achieved and, there-
fore, fundamental quantitative kinetics and in situ Raman
data about the catalyst can be simultaneously obtained. The
disadvantage is the complexity of such a system. No data
from such a system have yet been appeared in the catalysis
literature. The current trend to simultaneously monitor the
catalyst and obtain fundamental quantitative kinetics will
result in further improvements in the design of in situ Ra
man cells in the coming years.

3. Molecular structural determinations

Supported metal oxide catalysts are extensively em-
ployed in the petroleum, chemical and environmenta in-
dustries [12]. Such catalysts consist of two-dimensional
metal oxide overlayers (e.g., oxides of Re, Cr, Mo, W, V,
Nb, etc.) on high surface area oxide supports (e.g., alu-
mina, titania, silica, etc.) [6]. In the case of supported
chromia catalysts, the number of terminal Cr=0 bonds
present in the surface chromia species has been debated
in the literature (see figure 3) [13]. The surface chro-
mate species may contain one termina Cr=0O bond and
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Figure 3. Proposed structures for surface chromate species.
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three single Cr—O bonds (mono-oxo structure) or two ter-
minal Cr=0 bonds and two single Cr—O bonds (di-oxo
structure). The single bonds may be connected to neigh-
boring surface chromate species or to the oxide support
cations. Oxygen-18 exchange studies clearly revealed that
only mono-oxo surface chromate species are present in sup-
ported metal oxide catalyst since only two vibrations due to
Cr=%0 and Cr='%0 were detected. The di-oxo structure
would be expected to give rise to three vibrations due to
160=Cr=1%0, B0=Cr=0 and *0=Cr='®0. This con-
clusion was further supported by combined in situ Raman
and IR studies since the vibrational selection rules dictate
that mon-oxo structures should possess coincident IR and
Raman vibrations and that di-oxo structures should possess
IR and Raman vibrations that are separated by 20-30 cm—?
(IR(asymmetric Cr=0) > Raman (symmetric Cr=0)). In
situ Raman studies during butane dehydrogenation further
revealed that both isolated and polymerized surface mono-
oxo chromate species coexisted in the supported chromium
oxide catalyst and that the polymerized surface chromate
species was preferentially reduced under reducing condi-
tions. Analogous oxygen-18 in situ Raman studies demon-
strated that other surface metal oxide overlayers also pos-
Sess mono-oxo structures (e.g., surface oxides of Mo, W,
V and Nb) [14].

4. Structural transformations of surface metal oxides

The surfaces of metal oxide catalysts are very dynamic
and readily respond to the reaction environment [15]. This
is even more evident for supported metal oxide catalysts,
where two-dimensional surface metal oxide species are
present. Supported MoO3/SiO; catalysts undergo numerous
structural transformations that depend on temperature and
gaseous environment (see figure 4) [16,17]. Under ambient
conditions and room temperature, the surface molybdenum
oxide species are present as hydrated M 0704 clusters (main
Raman bands at 941 and 867 cm~1) due to the presence of
adsorbed ambient moisture. Introduction of additional ad-
sorbed mositure, by flowing saturated air over the catalyst,
converts the hydrated M 07054 cluster to H4SiIM 01,04 (Sil-
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icomolybdic acid heteropolyoxoanion, main Raman bands
at 975 and 955 cm—1). Upon dehydration at elevated tem-
perature, these molybdate clusters are decomposed to iso-
lated surface molybdenum oxide species possessing one
terminal Mo=0 bond and four bridging Mo—-O-Si bonds
(main Raman band 980 cm~1). Exposure of the dehydrated
surface molybdenum oxide species to methanol oxidation
at 230°C converts the surface molybdenum oxide species
to crystalline betaM0oO3; (main Raman bands at 843 and
770 cm~1). The beta-M0oOj3 crystallites are not thermally
stable and convert above 300 °C to apha-MoO;3 crystallites
(main Raman bands at 991 and 816 cm~1). These structural
transformations have a very significant effect on the activity
and selectivity of methanol oxidation over MoOs/SIO, cat-
alysts. The isolated surface Mo oxide species is active and
selective for the formation of HCOOCH3, while the crys-
talline MoOs3; phases are much less active and are selective
for the formation of H,CO.

In contrast to the MoO3/SIO, catalyst system, where
the interaction between MoO3 and SiO, is very weak, the
strong interaction between MoO3; and TiOxtransforms crys-
talline MoO; to surface molybdenum oxide species on the
TiO, support during methanol oxidation at 230°C [18].
This transformation is due to the formation of surface
Mo-OCHj3; intermediate species (main Raman band at
969 cm™1) that transport the Mo from the crystalline MoO3
phase to the TiO, support. The driving force for this re-
action induced spreading is the much stronger interaction
of Mo with the titania support surface hydroxyls com-
pared to the weak cohesive interaction in the layered alpha
MoOj; crystalline structure. This three-dimensional to two-
dimensional structural transformation is accompanied by a
significant changein the catalytic activity of the MoOs/TiO-
catalyst system. The methanol oxidation catalytic activ-
ity continuously increases until al the crystaline MoOs
particles are converted to surface Mo species on the ti-
tania support. This experiment again reveals that the sur-
face molybdenum oxide species are more active than the
crystalline MoO3 phase for methanol oxidation. Further-
more, the temperatures at which these structural transfor-
mation occur are significantly below the Tammann temper-
ature of crystalline MoQsg, indicating that thermal spread-
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Figure 4. Structura transformations for the MoOs3/SIO, catalyst system.
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ing is not involved during this reaction induced spread-
ing.

5. Surface reaction intermediates

It is well documented that surface methoxy interme-
diates, CH3O4s, are present on oxide surfaces during
methanol oxidation [19]. For supported metal oxide cat-
alysts such surface methoxy intermediates may coordinate
to the surface metal oxide species as well as the oxide sup-
port [20]. For example, during methanol oxidation over
V,05/SIO, catalysts, both surface V-OCH3 (main methyl
vibrations at 2930 and 2832 cm~1) and surface Si—-OCHs
(main methyl vibrations at 2954 and 2854 cm~1) intermedi-
ates are detected by Raman spectroscopy (see figure 5(a)).
In addition, V-O vibrations are observed at 665 cm~*and
C-O vibrations are observed at 1068 cm~* due to the V-
OCH3 complex (see figure 5(b)). Formation of the V-OCHj3
intermediates causes a significant decrease in the terminal
V=0 bond vibration and shifts the Raman band from 1035
to 1024 cm~* (see figure 5(b)). As the temperature is in-
creased in an oxygen environment, the V—-OCH3 intermedi-
ates decompose faster than the Si—-OCHj3 intermediates (see
figure 5(a)). This suggests that the V—OCH3 intermediates
are the active surface intermediates and that the Si—OCH3
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intermediates are just spectator species during methanol
oxidation. Corresponding temperature programmed reac-
tion spectroscopy (TPRS) studies showed that the V-OCHj3
intermediates are oxidized to H,CO at ~300°C and that
the Si—OCHj3 intermediates decompose to CO and CH4 at
~400°C. The relative ratio of V-OCH3/Si—-OCH3 species
increases with the surface vanadia coverage. For catalyst
systemsthat possess a compl ete monolayer of surface metal
oxide species, there are no surface methoxy vibrations due
to the underlying oxide support. This observation is con-
sistent with the formation of a complete two-dimensional
surface metal oxide overlayer in supported metal oxide cat-
alysts under in situ reaction conditions [21].

Silver catalysts are extensively employed in industry for
methanol oxidation to formaldehyde, ethylene epoxidation
and, more recently, for butadiene epoxidation [22]. The
nature of the oxygen intermediates in silver catalysts has
not been clarified in the catalysis literature. Recent in situ
surface enhanced Raman spectroscopy (SERS) studies of
oxygen species on silver have shown that only atomic oxy-
gen species are present in silver catalysts during oxidation
catalysis; surface Ag=0 (Raman vibration at 956 cm~1),
sub-surface Ag-O-Ag (Raman vibration at 800 cm~1) and
bulk Ag, O (Raman vibration at 600700 cm™1) [23,24].
The atomic nature of the various oxygen species was
readily verified by isotopic oxygen-18 experiments, which
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Figure 5. In situ Raman spectra of V,0s/TiO, catalysts during methanol oxidation: (a) the methoxy vibrational region from 2700-3100 cm~—1; (b) the
metal—oxygen vibrational region from 100-1200 cm~—1.
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only revealed two vibrations for each oxygen species (e.g.,
956 cm~?! for atomic %0 and 932 cm~! for atomic 80O
and no vibrations were detected for 6080 molecular
species) [24]. Molecularly adsorbed oxygen species on the
silver surface has only been observed at sub-ambient tem-
peratures. In situ Raman studies during methanol and eth-
ylene oxidation, employing gas phase 0, and oxygen-18
labeled surface atomic oxygen species, were performed to
obtain additional insight into the oxygen speciesinvolved in
these reactions. The in situ Raman measurements reveal ed
that the surface Ag=0 atomic oxygen species is very sta-
ble during these reactions and that the sub-surface Ag—O—
Ag atomic oxygen species is preferentially consumed dur-
ing these oxidation reactions [24]. Thus, the sub-surface
atomic oxygen species, Ag—O-Ag, is the reactive atomic
oxygen intermediate responsible for these oxidation reac-
tions over silver catalysts and adsorbed molecular oxygen
is not involved in these selective oxidation reactions over
silver catalysts under practical reaction conditions.

6. Reduction of surface metal oxide species during
oxidation reactions

During oxidation reaction over some supported metal
oxide catalysts, the surface metal oxide species become
partially reduced during these redox reactions and can be
directly monitored with in situ Raman spectroscopy. The
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in situ Raman spectra during methanol oxidation over a
20% Mo0Os/Al,O3 catalyst are shown in figure 6(a) [25].
Prior to methanol oxidation, the dehydrated and fully oxi-
dized surface molybdenum oxide species, Mo®t, givesrise
to major Raman bands at 1004, 862, 636 and 520 cm—.
These Raman vibrations are associated with the symmetric
stretch of the termina Mo=0 bond, the symmetric stretch
of O—-Mo-O functionality, and the asymmetric and symmet-
ric stretches of the bridging Mo—O-Mo bond, respectively.
Exposure of the 20% MoOs/Al,O3 catalyst to methanol
oxidation conditions significantly reduces the Mo=0 vi-
bration at ~1000 cm~! and creates new strong Raman
bands at 840, 491 and 274 cm~1, which are due to the
reduced surface Mo*t species. The molecular structure
of this reduced surface Mo** species has not been de-
termined by any spectroscopic methods at present. Re-
oxidation of the reduced 20% MoOs/Al,O3 catalyst sig-
nificantly decreases the Raman vibrations associated with
the reduced surface Mo*+ species, and additional oxidation
at higher temperatures completely reoxidizes the reduced
surface Mo*+ species to the initial surface Mo® species
present prior to the methanol oxidation reaction. An analo-
gous series of in situ Raman experiments are shown in fig-
ure 6(b) for methanol oxidation over a 4% MoOs/ZrO, cat-
alyst [25]. Prior to methanol oxidation, the dehydrated and
fully oxidized surface molybdenum oxide species, Mo®™,
givesrise to major Raman bands at 995, 865 and 815 cm~—.
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Figure 6. In situ Raman spectra of Mo** species during methanol oxidation: (a) 20% MoO3/Al,03; (b) 4% MoOs/ZrOs.
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These Raman vibrations are associated with the symmetric
stretch of the termina Mo=0O bond, the symmetric stretch
of the O-Mo-O functionality, and the presence of a trace
of crystalline MoOs, respectively. Exposure of the 4%
MoOs3/ZrO, catalyst to methanol oxidation conditions sig-
nificantly reduces the Mo=0 vibration and shifts the band
from 995 to 983 cm~L. The reduction in intensity and
shift in freguency are related to the reduction of the surface
Mo®* species and formation of Mo—OCH3 intermediates.
In contrast to the MoOs/Al,O3 catalyst, the appearance of
strong Raman bands due to reduced surface Mo species is
not observed for the MoOs/ZrO, catalyst during methanol
oxidation. The absence of strong Raman bands for reduced
surface Mo species on ZrO, suggests that a different sur-
face Mo oxide structure or oxidation state is present for this
system. Unfortunately, strong Raman bands for reduced
surface Mo species are only observed for the MoOs/Al,03
system and not for any of the other supported molybde-
num oxide catalysts. In the case of supported vanadia and
chromia catalysts, no new Raman bands were observed for
the reduced surface metal oxide species [21,26]. Thus, it
appears that most reduced surface metal oxide species do
not give rise to strong Raman bands.

In situ Raman studies do provide information about the
relative reduction characteristics of the fully oxidized iso-
lated and polymerized surface metal oxide species during
redox reactions. It appears that the polymerized surface
metal oxide species, possessing bridging M—O-M bonds,
are preferentially reduced relative to isolated surface metal
oxide species [21,26,27]. Quantitative estimation of the
extent of reduction cannot be determined because sample
darkening, from reduction in oxidation state and carbon
deposition, may result in nonlinear, and occasionally un-
reliable, changes in the Raman intensity. There does not,
however, appear to be a relationship between the extent
of reduction of the surface metal oxide species and the
activity and selectivity of supported metal oxide catalysts
during oxidation reactions [28]. Recent in situ UV-Vis dif-
fuse reflection spectroscopy (DRS) studies have reveaed
that the surface oxide species are predominantly in their
fully oxidized state during practical oxidation reaction con-
ditions [29]. Furthermore, temperature programmed reac-
tion spectroscopy (TPRS) and TAP studies have demon-
strated that the oxidized surface metal oxide species are
more active than the reduced surface metal oxide species
for oxidation reactions [30,31].

7. Conclusions

Raman spectroscopy is a very powerful catalyst char-
acterization technique because it can provide fundamental
molecular-level information about catalyst surface struc-
tures and reaction intermediates. This hasresulted in an ex-
ponential growth in the application of Raman spectroscopy
to catalyst characterization over the past two decades. In
situ Raman spectroscopy is rapidly becoming a very pop-
ular catalyst characterization method because Raman cells

are being designed that can combinein situ characterization
studies with simultaneous fundamental quantitative kinetic
studies. The dynamic nature of catalyst surfaces requires
that both sets of information be obtained for a full funda-
mental understanding of catalytic phenomena under practi-
cal reaction conditions.

The above survey of the capabilities of in situ Raman
spectroscopy of heterogeneous catalysts demonstrated that
(1) the molecular structures of surface metal oxide species
can be directly determined, (2) the two-dimensional metal
oxide structural transformations can be readily monitored,
(3) the nature and surface location of surface reaction inter-
mediates can be readily identified and (4) the polymerized
surface metal oxide species are more reducible than isolated
surface metal oxide species and (5) most reduced surface
metal oxide species do not give rise to strong Raman bands.
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