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In situ Raman spectroscopy — a valuable tool to understand
operating catalysts
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Abstract

Ž .Laser Raman spectroscopy LRS is one of the most powerful tools for the in situ study of catalytic materials and
surfaces under working conditions. Raman characterizations can be carried out at temperatures as high as 1000 K and in
controlled atmospheres. Modern high light-throughput spectrometers permit the recording of the whole spectral range from
100 to 4000 cmy1 at once and time resolutions in the subsecond regime for materials with high Raman cross-sections.
Transient temperature or pressure response studies, e.g. pulse experiments with isotope labels, are thus possible, and kinetic
and spectroscopic characteristics can be related. Modern quartz fiber optics render possible easy spectroscopic access to
catalytic reactors of defined and well characterized operation conditions. Quantitative relation of real catalytic steady state
operation, e.g. catalytic activity and selectivity, to changes in the catalyst structure is thus made possible.

Several in situ LRS studies are discussed including the characterization of supported and unsupported Mo-based catalysts,
confocal Raman microspectroscopy of mixed MoVW oxide catalysts, oxygen exchange in Sb O rMoO oxide physical2 3 3

mixtures elucidating the catalytic synergy effects, and active surface intermediates during oxidative coupling of methane,
and NO and N O decomposition over BarMgO catalysts related to the catalytic reaction via transient pressure step2

experiments. q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Raman spectroscopy; Raman microspectroscopy; Selective oxidation; Synergy effects; Oxygen exchange; Oxidative coupling of
methane; NO and N O decomposition2

1. Introduction

The general physics of laser Raman spec-
Ž .troscopy LRS is discussed only briefly be-

cause this is covered in depth in textbooks and
recent review articles on LRS as applied to

w xcatalysis 1–7 . In this contribution, advantages
of Raman spectroscopy and also its limitations,
e.g. quantification problems, are outlined and
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compared to other vibrational techniques. Re-
cent Raman studies of catalytic materials are
discussed.

1.1. Theoretical background

Atomic movements in crystals are only al-
lowed with defined phase relations giving rise
to the vibrational modes of the crystal. These
collective atomic movements are termed acous-
tic or optical phonons depending on the genera-
tion of a dipole moment during the vibration.
Optical phonons take part in inelastic light-
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scattering processes due to their induced dipole
moment.

The interaction of electromagnetic radiation
with matter leads to absorption and reflection
and light-scattering processes. In Rayleigh scat-

Ž .tering Fig. 1 , most scattered photons have the
frequency identical to the incident ones. But a
small part of the scattered light may have a
higher or smaller energy than that of the inci-
dent light. This process is known as the Raman
effect: the incoming photon excites the scatter-
ing matter from its electronic ground state into a
virtual state, from which it relaxes under the
emission of a Raman scattered photon of smaller

Žor higher energy Stokes or anti-Stokes scatter-
.ing , depending on the initial and final vibra-

tional levels.
These light-scattering processes can be un-

derstood within a classical model of the scatter-
ing process. Such a classical model can describe
the observed Raman shifts. The intensity or line
shape of Raman bands, however, can only be

determined via quantum mechanical ab initio
calculation of the Raman-scattering transition
moment.

In a quantum mechanical picture of Raman
scattering, the incoming photon either generates
an excited phonon and therefore has a lower
energy after the scattering process or it annihi-
lates an excited phonon in the solid and thus has

Ža higher energy after the scattering event Fig.
.2 . This process can be understood as a series of

three elementary steps:

Step 1: The incident photon is annihilated
Ž .absorbed under the generation of the virtual
electron hole — pair 1.
Step 2: The virtual electron — hole pair 1
generates or annihilates a phonon under the
formation of the virtual electron hole — pair
2.
Step 3: The virtual electron hole — pair 2
recombines under the emission of the Raman
scattered photon.

Ž .Fig. 1. Scheme of Stokes and anti-Stokes scattering relative to the excitation frequency upper part . Scheme of the Raman scattering
Ž .process in solid material lower part .
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Ž .Fig. 2. A Intensity ratio of the Raman bands of the TiO support2

at 516 cmy1 and the surface polymolybdate at 950 cmy1 as a
Ž .function of Mo loading. B Raman band intensities of the TiO2

support referenced to external Hg standard emission as a function
Ž w x.of Mo loading adapted from Ref. 7 .

Such ab initio calculations of these three
combined processes in complex catalytic so-
lids seem to be impossible with the necessary
precision and, therefore, Raman spectral charac-
terization is still done by comparison with refer-
ence spectra despite all the obvious disadvan-
tages.

The Raman susceptibility, analogous to the
classical model, describes the modulation of the
electronic polarizability of matter by its lattice

w xvibrations 8 . The Raman susceptibility can be

developed as a Taylor series of the phonon
wave vector:

d´ vŽ .
´ Q,v s´ v q QŽ . Ž .

dQ

d2´ vŽ .
2q1r2 Q q . . . , 1Ž .2dQ

with ´ the dielectricity constant, v the fre-
quency of the incident light and Q the phonon
wave vector. The first term in Eq. 1 describes
the first-order Raman scattering, and second
term the second-order scattering process and so
on. The interaction of an incident laser field and
a phonon generates an induced dipole moment
according to Eq. 2

d´
yiŽV " V . tLP v "V s Q E e , 2Ž . Ž .L 0 LdQ

with the " sign assigning Stokes or anti-Stokes
radiation. The intensity of the scattered radia-
tion is proportional to v 4 as described in Eq. 3:L

2d´
4 2² :IAv Q , 3Ž .L 0dQ

² 2:with Q being the Boltzmann distribution.0

This v 4-law explains the advantage of using
high excitation frequencies: the higher the exci-
tation frequency the higher the Raman scattered
intensity.

High excitation frequencies lead to a second
important advantage when conducting high tem-
perature in situ Raman experiments: the higher
the excitation frequency, the less is the black
body radiation background. Raman spectra of
lattice phonons can be recorded of operating
catalysts under optimum conditions at tempera-
ture as high as 1000 K.

Furthermore, the sample temperature can be
calculated from the measured intensities of a
Stokes — anti-Stokes experiment from the term
including the Boltzmann.

Eq. 3 of the Raman-scattering process relates
the electronic system, expressed in ´ , with the
lattice vibrations, Q. At the proximity of pro-



( )G. MestlrJournal of Molecular Catalysis A: Chemical 158 2000 45–6548

nounced structures in ´ , e.g. absorption bands,
one obtains pronounced structures in d´rdQ.
Thus, effects in Raman scattering can be under-
stood, which are due to resonant absorption of
photons.

With this background, it is evident that Ra-
man scattering provides much more information
on a material than just the molecular vibrations.
Information can also be obtained about the elec-
tronic nature of the material under study, e.g.
defect centers like reduced transition metal ions.

Advantages of Raman spectroscopy relative
to infrared techniques arise from the usually
negligible gas phase scattering. In situ Raman
spectra of active catalysts can be recorded with-
out interference of the gas phase. In infrared
spectroscopy, gas phase absorptions often com-
plicate the measured spectra or render the exper-
iment impossible.

Glass is a very weak Raman scatterer allow-
ing a simple construction of in situ Raman cells.
In IR spectroscopy, usually KBr windows have
to be used for cells with all their limitations:
water sensitivity, which makes purged spec-
trometers and cells necessary; low melting point,
thus cooling of the cell windows is necessary in
high temperature experiments; and the cut-off at
about 450 cmy1, which makes it difficult to
record the internal vibrations.

Due to the fact that simple in situ Raman
quartz reactors can be used, catalysts can be
studied by LRS at very high temperatures. Es-
pecially, when a high frequency excitation line
is used, black body radiation does not necessar-
ily overwhelm the Raman scattered light. High
temperature IR spectroscopy, however, is rather
limited due to sample emission, and infrared
emission spectroscopy is less well developed
yet. Moreover, in situ Raman reactors can be
designed closely matching typical plug flow
reactors. Such an in situ reactor can have two
catalyst beds, which allows the recording of the
Raman spectrum on the surface of the second
bed. By this approach, information is obtained
on the catalysts structure under real steady state
conditions inside the bed and not at the outer

surface, which is always in contact with fresh
gas phase. Additionally, the variation of the first
catalyst bed height allows the determination of
the working catalyst structure as function of
contact time.

Typical high surface-area supports, e.g. silica
or alumina, are weak Raman scatterers, but
strongly absorb in the IR below 1200 cmy1.
Therefore, their Raman spectra usually do not
overwhelm those of the supported metal oxides,
which can be recorded down to approximately
50 cmy1. These typical supports, however, are
strong IR absorbers.

Water is a very weak Raman scatterer, but it
has very intense IR absorptions. Raman spec-
troscopy, thus, can be conducted of aqueous
solutions or suspensions. Adsorption processes
of transition metal ions on supports or crystal-
lization processes like the formation of zeolites
can be characterized in situ.

The recently developed confocal Raman mi-
crospectroscopy technique allows the recording
of Raman spectra with a spatial resolution of
about 700 nm. This technique renders possible
the determination of structural inhomogeneities
in catalyst materials, and its correlation with
elemental inhomogeneities as determined EDAX
mapping. Recently even higher spatial resolu-
tions of 100 nm were reached using near field

w xoptical microscopes 9 .

2. Limitations

Some major problems may arise when
recording Raman spectra of catalyst materials.

Ž .i Laser heating could lead to loss of hydra-
tion water, phase transitions, partial reduction or
even complete decomposition and, thus, to
artificially changed samples. Laser heating can

Žbe reduced by applying low laser powers -10
.mW , cooling with an inert gas of high thermal

w xconductivity, cylindrical lens foci 10 , and ro-
w x w xtating sample 11 or focussing lens 12,13

w xtechniques, which decrease the energy flux 20 .
The temperature at the laser focus can be calcu-
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lated from the Stokes–anti-Stokes intensity ratio
via Eq. 3 if the spectrometer function is pre-
cisely determined and the scanning multichan-

w xnel technique is used 14–16 .
Ž .ii Flourescence can overwhelm the Raman

spectrum, which may be due to organic impuri-
ties, basic surface OH groups, proton superpo-
larizability or reduced transition metal ions when
resonantly excited. Flourescence problems can
be often solved by simply burning-off the or-
ganic contaminants or dehydroxylating the sur-
face, if the sample tolerates these treatments.
Changing the excitation frequency may also
lead to fluorescence reduction. Thus, the appli-

w xcation of FT Raman 17,18 systems or the
w xrecently developed UV Raman technique 19
Žmay help, although excitation in the NIR FT

.Raman sometimes can cause fluorescence when
reduced transition metal ions are present, and
excitation in the UV may lead to unwanted
photochemical reactions. Frequency modulation

w xRaman spectroscopy 7 can also reduce the
background because the spectrum is recorded as
the first derivative.

Ž .iii The Raman scattering has an inherently
low sensitivity due to the small Raman scatter-
ing cross-sections as compared to IR absorption
coefficients. The low sensitivity can be some-
what improved increasing the excitation fre-
quency due to the n 4 law, one of the main
advantages of UV Raman excitation. A techni-
cal solution to the problem of low sensitivity
was found in the highly sensitive CCD cameras
w x21 and in high performance, holographic notch

w xfilters 22 to cut off the very intense Rayleigh
scattering. These two inventions considerably
improved the spectrometer technology: triple
stage spectrometers, necessary for stray light
reduction, with low light throughput now can be
avoided. This led to an increase in measured
intensity of about 102. This new generation

w xRaman spectrometers 23,30 also allow for
time-resolved experiments due to their high sen-
sitivity and long-time stability. The latter is due
to the fact that any moving parts, such as spec-
trographs, are avoided. The long-time stability

of this new spectrometer type is guaranteed too
by the use of diode-pumped solid state lasers,
which have a long-time stability of about 3%.
This combination of spectrometer design and
long-time stable laser renders possible the
recording of Raman spectra over extended time
periods without changes in the experimental
baseline.

Quantitative Raman spectroscopy is the most
difficult task due to the inherently unknown
Raman-scattering cross-sections. The Raman-
scattering cross-section even of pure compo-
nents may change as a function of temperature,
pressure or reaction conditions. Moreover, Ra-
man cross-sections of surface species, like ad-
layers or adsorbates, cannot be compared with
reference data of pure compounds due to a
possible, unknown electronic effect of the sup-
port even when their structure remained un-
changed relative to the reference.

The surface enhanced Raman-scattering ef-
Ž . w xfect SERS 30 , observed on certain metal

surfaces, like Al, Cu, Ag, and Au, leads to an
enhancement of the cross-section of adsorbed
surface species by a factor of 106 as compared
to the unsupported reference.

Raman intensities of surface species on oxi-
dic supports do not always show a linear depen-

Ž .dency with concentration Fig. 2A . Quincy et
w xal. 25 observed that the ratio of the band of the

surface Mo species at 950 cmy1 and that of the
anatase support at 516 cmy1 increased up to
monolayer coverage to level off at higher load-
ings. A relative Raman cross-section of MoO3

of 3.6 was determined from the relative ratio of
the surface molybdate bands and the bands due
to MoO . This relative Raman cross-section was3

determined to be 17 for alumina-supported sam-
w xples by referencing to KNO 26 . These differ-3

ent relative scattering efficiencies were at-
tributed to an altered scattering efficiency for
titania-supported surface species. A physical
theory of this changed Raman cross-section,
however, is not available to date.

More recently, the relative Raman band in-
tensities of Mo species and titania support were
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referenced to external Hg emission. The calibra-
tion to Hg emission revealed a decrease of the
support bands, beside increasing Mo intensities,
with increasing Mo loadings already below
monolayer coverage. Above monolayer cover-
age, which is reached at a Mo loading of 4

2 Ž .MoO unitsrnm 10 wt.% MoO , the relative3 3

intensity of the titania bands remained constant
Ž . w xFig. 2B 7 . A modification of the support
surface polarizability induced by the Mo over-
layer was suggested to be the physical reason
for that, because the incident light penetrates
much deeper into the sample. Such an unex-
pected decrease of support bands below mono-
layer coverage was also observed by others for

w xZrO , Nb O , and CeO supports 7 . The phys-2 2 5 2

ical background of this behavior of the Raman-
scattering efficiency of support materials is not
understood to date.

Raman intensities of supported transition
metals oxides may change as a function of
treatment. Reduction, for example, generally
leads to colored samples, which have a higher
absorption coefficient. Thus, the intensity of the
Raman scattered light can be strongly reduced
when self-absorption occurs. The measured Ra-
man intensity cannot be directly related to the
concentration of a certain transition metal sur-
face species.

In summary, quantification of Raman spectra
by comparison of relative peak intensities must
be considered with care and may lead to erro-
neous results because the absolute or even rela-
tive Raman-scattering efficiencies are unknown
or cannot be determined precisely enough. The
determination of the relative Raman cross-sec-
tions of pure, optically homogeneous samples is
already extremely difficult. This determination
seems to be impossible for heterogeneous, poly-
disperse materials. Intolerable errors may arise
from unavoidable inhomogeneities in powder
mixtures due to different particle sizes and mor-
phologies. Large particles of phase A may, for
example, be encapsulated by small particles of
phase B. The laser beam may preferentially hit
one or the other component in such samples.

Additionally, particle aggregation or disintegra-
tion may occur during in situ treatments leading
to changes of the Raman intensity being a func-
tion of particle size. Furthermore, the scattering
volume is considerably reduced for opaque ma-
terials due to damping of the incident and scat-
tered light. In summary, a precise determination
of the scattering volume seems to be impossi-
ble.

Moreover, it is not necessary to point out that
the spectrometer function has to be precisely
determined for an attempt to collect the physi-

w xcally correct Raman intensities 14,15 . Summa-
rizing, the quantification of Raman spectra of
heterogeneous catalysts must be considered with
care and may prove impossible within reason-
able limits of accuracy.

3. Molybdenum-based catalysts

3.1. Oxygen exchange in MoO rSb O -selectiÕe3 2 4

partial oxidation catalysts

Selective partial oxidation reactions are sug-
gested to proceed via the Mars–van Krevelen
mechanism: so-called ‘‘lattice’’ oxygen of the
catalyst is incorporated into the reactant in one
step of the catalytic cycle; the oxygen vacancy
is reoxidized by gas phase oxygen in the second
step.

The remote control mechanism of multi-
phase-selective partial oxidation catalysts as-
sumes that gas phase oxygen is activated on the

w xdonor phase 27 . The activated oxygen is then
suggested to spill over onto the acceptor phase,

Ž .at which it is re generating the catalytically
active sites. This mechanism is suggested to
explain the experimentally observed synergisms
in multiphase catalysts.

Mixed MoO rSb O catalysts show such a3 2 4

pronounced synergy in selective partial oxida-
tion. Sb O is considered to be the donor, while2 4

MoO acts as the catalytically active acceptor.3

In situ Raman spectroscopy was applied in or-
der to characterize the reaction of 18O with the2
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donor, the acceptor, and their physical mixtures
w x28–30 .

These in situ Raman experiments proved that
no detectable 18O exchange occurred for the
pure stiochoimetric oxides up to 750 K. 18O
incorporation was only detected for partly re-

Ž .duced MoO . Spectrum a of Fig. 3A shows3yx

the Raman spectrum of stoichiometric MoO ,3
Ž .whereas spectrum b of Fig. 3A shows the in

situ Raman spectrum after evacuation to 10y1

Pa. The dramatic reduction of the MoO Raman3

intensities, i.e. SrN ratio, proves that the Ra-
man cross-section of substoichiometric MoO3yx

is much smaller as that of MoO . The pro-3

nounced decrease of the band intensities at 660

and 818 cmy1 relative to the band at 990 cmy1

suggests a preferential loss of oxygen from
` ` Ž .Mo O Mo bridges along the c-axis and the

long terminal Mo5O groups along the a-axis
than from the short terminal Mo5O groups
along the b-axis.

The observed new band at 888 cmy1 is in the
frequency regime of tetrahedrally coordinated
Mo. It is known that Mo centers at the shear
planes of Mo suboxides are fourfold coordi-
nated. Therefore, the new band at 888 cmy1 is

`attributed to Mo O vibrations of the shear de-
fects in MoO .3yx

18O incorporation was proven by Raman
bands at 648, 793, and 948 cmy1 after this

Ž . 18 Ž .Fig. 3. A In situ Raman spectra of MoO recorded during O-exchange experiments: MoO as received a , after evacuation to 0.1 Pa at3 3
Ž . 18 Ž . Ž . 16 Ž .648 K b , after O-reoxidation at 733 K c , at 114 K d , after additional oxidation in O , recorded at 133 K e , and after additional2

16 Ž . Ž w x. Ž .oxidation in O rH O, recorded at 133 K f adapted from Ref. 28 . B In situ Raman spectra of the physical mixture of MoO and2 2 3
Ž . 18 Ž . Ž .Sb O 50:50 recorded during O-exchange experiments: a high temperature 733 K Raman spectrum after evacuation to 0.1 Pa at 6482 4

18 Ž . Ž .K and subsequent O-reoxidation at 733 K, b low temperature 114 K Raman spectrum after evacuation to 0.1 Pa at 648 K and
18 Ž w x.subsequent O-reoxidation at 733 K adapted from Ref. 30 .
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sample was calcined in 18O and the simultane-2
Žous disappearance of the defect band spectrum

. .c of Fig. 3A , hence, oxygen vacancies in
oxygen-deficient MoO could be replenished.3yx

Re-exchange of 18O with 16O was not possible,2
Ž . .even not in presence of H O spectra d and e2

.of Fig. 3A . Oxygen incorporation only occurs
Žwhen oxygen vacancies are present sub-

.stoichiometric MoO , direct oxygen ex-3yx

change could not be detected under the experi-
mental conditions. A comparison of the 18O
labeled band intensities confirmed that the ter-
minal Mo5O groups having the highest bond
order were less exchanged relative to the Mo5O

` `groups along the a-axis and the Mo O Mo
bridges.

The physical mixture of MoO and Sb O3 2 4
Ž .Fig. 3B , mounted on the same sample holder,
was identically treated, but did not lead to a
more pronounced 18O incorporation as com-

Ž . .pared to pure MoO spectrum b of Fig. 3B . A3
Žcomparison of the high temperature spectrum

. .a of Fig. 3B and the low temperature spectrum
Ž . .spectrum b of Fig. 3B reveals a dramatic
reduction of the Raman-scattering cross-section
of crystalline MoO at high temperatures rela-3

tive to Sb O . This unambiguously confirms the2 4

problems that occur when one attempts to quan-
tify Raman spectral data. From these experi-

Ž .ments, it was concluded that a only oxygen
vacancies can be replenished by oxygen incor-

Ž .poration, direct O-exchange does not occur, b
oxygen exchange between donor and acceptor
in the physical mixture via bulk diffusion is

Ž .excluded, and c oxygen spillover, if present,
remains below the Raman detection limit.

3.2. High temperature in situ Raman character-
ization of supported Mo catalysts

The Raman spectra of supported Mo catalysts
change depending on the Mo loading. Ambient
Raman spectra of low loaded catalysts show the
presence of monomolybdates. Heptamolybdates
are detected for intermediate loadings, and

ŽMoO is found for highly loaded materials Fig.3

.4A . This picture of surface species, however,
dramatically changes when in situ Raman spec-
tra are recorded at high temperatures under

w xcontrolled conditions 31 . In Fig. 4B, the Ra-
man spectral changes are shown of supported
Mo catalyst when the material is heated in dry
oxygen at 633 K. The spectrum of heptamolyb-
date-like surface species has disappeared and a
new band appears at 1006 cmy1, indicating the
presence of a very distorted Mo species. This
new band is attributed to surface monoxo species
of still discussed symmetry. This in situ experi-
ment clearly demonstrates the absolute necessity
of controlling the experimental conditions. The
structure of surface species is strongly affected
by the degree of hydration. Surface mono- and
polymolybdates form isolated, strongly distorted
monooxo species. In this context, it must be
noted that uncontrolled dehydration in the laser
spot may have happened in earlier Raman stud-
ies.

3.3. Raman characterization of the spreading of
MoO oÕer Al O3 2 3

The XRD reflections of MoO disappear with3

the time when a physical mixture of MoO and3
w xAl O is calcined at 700 K in air 32 . XPS and2 3

w x w x w xISS 33 , EXAFS 34 , and Raman 35–37 stud-
ies revealed that a MoO monolayer was formed3

on Al O during this treatment. Different sur-2 3

face species were detected, depending on the
presence of water vapor. Crystalline MoO was3

observed under dry conditions, whereas hepta-
molybdates were detected in presence of water
vapor. Thus, two processes were identified, the
actual spreading of MoO over the support sur-3

face, and its transformation into surface poly-
molybdates in presence of H O. Knozinger and¨2

w xTaglauer 38,39 developed the so-called un-
rolling-carpet mechanism, which was suggested
to be driven by the reduction of the interface
free energy of the system MoO rAl O .3 2 3

Raman microscopy with a lateral resolution
of about 2 mm was further used to characterize
the spreading of MoO across-Al O . Waver3 2 3
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Ž . Ž .Fig. 4. A Raman spectra of MorAl O catalysts as a function of Mo loading recorded under ambient conditions. B In situ Raman2 3
Ž w x.spectra of MorAl O catalysts as function of Mo loading recorded after dehydration adapted from Ref. 31 .2 3

specimen were prepared from Al O and MoO2 3 3

having a sharp dividing line between the two
Ž . w xphases Fig. 5 35 . After calcination in dry

oxygen at 800 K for 100 h, MoO Raman3

signals were detected on Al O at distances as2 3

far as 500 mm from the former phase boundary.
After calcination in moist oxygen, polymolyb-
date Raman bands were observed up to a dis-
tance of 1 mm from the original phase bound-
ary. Raman microscopy clearly proved that
spreading of MoO occurred over macroscopic3

distances, and that H O led to a change in the2

structure of the surface species.

3.4. In situ Raman characterization of the
spreading oÕer Al O2 3

In Fig. 6, in situ Raman spectra are depicted
of a physical mixture of 9 wt.% MoO and3

Al O , which were recorded at 823 K in dry2 3

Ž .oxygen a and after quenching to room temper-
Ž . w xature b 37 . It is evident that the Raman

spectrum of crystalline MoO was completely3

lost at a temperature more than 2508 lower than
Ž . Ž .its melting point 1086 K . The spectrum a has

completely lost any structure in the lattice mode
regime. Therefore, this spectrum is attributed to
the spreading species. The frequency deter-
mined for the terminal Mo5O bonds compara-
ble to those of crystalline MoO suggests that3

the spreading species are small oligomer frag-
ments of the MoO -tetrahedral chains in MoO3 3
w x40 . During quenching to room temperature
Ž Ž ..spectrum b , recrystallization seems to occur
to some extent, and this spectrum may be at-
tributed to disordered ‘‘glassy’’ MoO .3

In summary, it seems to be proven that MoO3

melts at its surface at about its Tammann tem-
perature as suggested by the unrolling carpet

Ž .mechanism. Small MoO oligomers spread3 x
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Fig. 5. Conventional Raman microspectroscopy of the spreading of MoO across an Al O waver after calcination in O rH O: Raman spectra of the waver prior to any treatment3 2 3 2 2
Ž . Ž . Ž w x.lower part , Raman spectra of the waver after calcination upper part Adapted from Ref. 35 .



( )G. MestlrJournal of Molecular Catalysis A: Chemical 158 2000 45–65 55

Fig. 6. In situ high temperature Raman spectra of a physical
Ž .mixture of MoO 9 wt.% and Al O during calcination in O at3 2 3 2

Ž . Ž . Ž .723 K a , at 813 K b , 823 K c , after rapid quenching to 298 K
Ž . Ž . Žd , and after rehydration at 298 K in air e adapted from Ref.
w x.36 .

over Al O driven by the reduction of the sur-2 3

face free energy of the overall system. Recrys-
tallization to MoO may occur in dry oxygen,3

hydrolyzation and rearrangment to polymolyb-
dates in presence of H O.2

3.5. Confocal Raman spectromicroscopy of
mixed oxide catalysts

The spatial resolution of conventional mi-
croscopy is theoretically limited by the diffrac-
tion limit as defined by the wavelength of the
light used, practically by imperfections of opti-
cal parts. To increase the spatial resolution to
the theoretical diffraction limit, a pin hole is put

w xinto the light path in confocal microscopy 41 .
By adjusting the pin hole size, light is collected
on the detector, which is reflected from an area

determined by the diffraction limit, e.g. about
700 nm when an excitation frequency of 632
nm is used.

Molybdenum-based mixed oxide catalysts are
widely used in selective partial oxidation reac-
tions. Pure MoO -based catalysts exhibit also3

high selectivities to formaldehyde but with re-
w xduced methanol conversions 42 . SEM-EDX

w xmapping 43 revealed an inhomogeneous ele-
ment distribution in a mixed oxide catalyst con-
taining Mo, V and W. XRD of the mixed oxide
only showed amorphous patterns, which could
be simulated with two components, amorphous
MoO and amorphous Mo O . Confocal Ra-3 5 14

man mapping was performed in order to charac-
terize structural variations in the catalyst, which
may arise from the varying transition metal
concentrations. A set of 1000 Raman spectra
was recorded within an area of 30 times 30 mm.
Fig. 7A shows three experimental spectra, which
show the extreme spectral differences within
this data set. In all spectra, the characteristic
Raman spectrum of orthorhombic a-MoO with3

bands at 666, 820 and 995 cmy1 was absent in
agreement with XRD. Instead bands were de-
tected at 995, 985, 850, 815 and 770 cmy1. All
three transition metals, Mo, V and W, however,
have Raman bands in this frequency regime
depending on their coordination sphere and
symmetry. Therefore, a straightforward assign-
ment of the detected bands to certain species is
not possible.

Statistical analysis was used to obtain further
structural details of the MoVW mixed oxide
catalyst. Chemometry is a fast developing field
in analytical chemistry, which uses mathemati-
cal and statistical tools to plan and optimize
measurements and experiments. Maximum in-
formation is obtained from data sets by statisti-
cal data reduction to independent principal com-

Ž .ponents PCs . The experimental spectra, thus,
can be recalculated from the determined PCs by
a linear combination according to:
Spectrum sc PC qc PC q . . .n n n n n1 1 2 2

qc PC , 4Ž .n nm m
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Ž . Ž .Fig. 7. Confocal Raman microspectroscopy 30=30 mm of a MoVW mixed oxide catalyst. A Three characteristic Raman spectra of a set of 1000 spectra recorded laterally resolved
Ž .proving drastic structural inhomogeneities. B Simplissma analysis of the set of 1000 Raman spectra revealing the presence of two independent principal spectral components in the

Ž . Ž .sample dashed lines . The Raman spectra of the MoO , WO , and V O references are shown as solid lines. C 3D plot of the Raman intensity ratio of the bands at 805 and 8453 3 2 5
y1 Ž . Ž .cm indicative for the two independent principal components in the sample proving spatial inhomogeneity. D SEM-EDX mapping of a similar area 30=30 mm proving

inhomogeneous V distribution relative to Mo and W.
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Ž .with c the weight or coefficient of the n thn ii

PC. Thus, chemometric data reduction is identi-
cal to finding the eigenvalues of the coefficient
and PC matrix.

From this set of 1000 Raman spectra, two
PCs could be calculated. The two PCs together
with the Raman spectra of single crystalline
MoO , WO and V O are displayed in Fig. 7B.3 3 2 5

Ž .Component 1 upper spectrum of Fig. 7B shows
a close resemblance to the spectra of MoO and3

Ž .WO solid line, Fig. 7B , suggesting a structure3

related to MoO , e.g. a suboxide of the MoO -3 3

type with crystallographic shear planes. The
band at 995 cmy1 may be assigned to terminal

Ž .Mo5O vibrations along the 010 lattice direc-
w xtion in a-MoO 30 . The band or shoulder at3

815 cmy1 can be attributed to Mo5O stretches
Ž .along the 100 lattice direction in a-MoO3

w x y130 , while the shoulder at 665 cm may arise
from the symmetric stretching vibration of the

` ` Ž .Mo O Mo bridges along the 001 direction.
Crystalline WO has its major Raman bands at3

808 and 714 cmy1. XRD of this material ex-
cludes the presence of crystalline WO as a3

separate phase, but tungsten can be isostruc-
turally substituted in MoO . Therefore, the3

asymmetry of the band at 813 cmy1 toward
lower frequencies and the band observed at
about 710 cmy1 may arise from WO units in6

the MoO -type mixed suboxide. XRD identified3

a component of the MoO -type structure in the3

MoVW mixed oxide catalyst. The first Raman
spectral component, thus, may be related to the
structure of this MoWO suboxide mainly3yx

containing Mo and W.
V O exhibits Raman bands in this frequency2 5

y1 w xregime at 997 and 703 cm 44 . XRD ex-
cludes the presence of crystalline V O as a2 5

separate phase in the MoVW mixed oxide.
Therefore, the spectral features at 995 and 710
cmy1 cannot be assigned to crystalline V O .2 5

ŽThe second component lower spectrum of
.Fig. 7B shows a completely different spectral

distribution with main features at 985, 773, 400,
275 and 90 cmy1. This second component
closely resembles the Raman spectrum of V O2 5

suggesting that this component must be identi-
fied with the amorphous V O contribution in2 5

the XRD patterns.
In Fig. 7C, the intensity ratios are shown as

calculated for the intensity ratios between the
bands attributed to the amorphous MoO -type3

suboxide and the amorphous V O -type oxide.2 5

Each pixel of the plot represents one confocal
Raman spectrum of the mixed oxide specimen.
The different intensity ratios obtained for the
metal-oxygen vibrations clearly evidence that
the sample is structurally heterogeneous. Thus,
elemental heterogeneity as detected by SEM-

Ž .EDX mapping Fig. 7D leads to structural het-
erogeneity.

A comparison of the spatial element distribu-
tions and the Raman spectral distributions re-
veals that the MoO -type and the V O -type3yx 2 5

oxides are exclusively formed. If the tentative
band assignment were correct, the MoO -type3yx

suboxide is preferentially formed in those small
sample areas with a high V concentration,
whereas the V O -type oxide is formed in the2 5

remaining areas with a homogeneous Mo and W
distribution.

4. BarrrrrMgO catalysts for NO and N O de-2

composition

NO can be directly decomposed into N and2

O on barium oxide supported on MgO. This2

catalyst exhibits a very unusual activity pattern
w xdepending on the reaction temperature 45 . For

Ba loadings)11 mole%, the catalytic steady
state activity shows a sharp maximum. This
maximum activity depends on the partial pres-
sures of NO and O . Time resolved in situ LRS2

permitted to elucidate this unusual behavior on
the basis of various surface phases and their

w xsurface chemistry 46–48 .
Depending on operation conditions, Raman

spectra were recorded of several different
`Ba NO species in the catalyst material, in-x

Ž .cluding barium nitrate Ba NO , barium nitrite3 2
Ž .Ba NO , and a barium nitro species — bar-2 2
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Ž .ium oxide with a nitro NO ligand at the2

barium. The reaction parameters gas partial
pressures and temperatures were varied around
the activity maximum to explore the relation-
ship between a probable intermediate and the
rate of reaction. In situ Raman spectroscopy
provided information on the complex activation

Ž . Ž .behavior of Ba NO Fig. 8A . Crystalline3 2
Ž . Ž .Ba NO phase I was present after impregna-3 2

Ž .tion and drying. The crystalline Ba NO was3 2

stable up to 770 K at the highest NO partial
pressures employed. Phase I transformed into
the amorphous intermediate phase II, which
contained mainly nitrate and nitrite ions and
Ba-nitrito species, at higher temperatures, or at
lower NO pressures. The next step in the activa-
tion was the formation of phase III, which
consists of nitrate ions and mainly Ba-nitro

complexes. This phase was stable in decreasing
NO pressures until its decomposition into BaO.
In pure He, this decomposition occurred already
at temperatures as low as 720 K after extended
time periods. The phase diagram as determined
by in situ Raman spectroscopy is illustrated in
Fig. 8B. Most importantly, the formation of
phase III, containing mainly the Ba-nitro species,
occurred under conditions at which catalytic
activity was observed. The decomposition of
phase III into defect-rich BaO closely matches
the calculated phase boundary between BaO,

Ž . Ž .BaO , and Ba NO Fig. 8B . The sharp de-2 3 2

crease in nitro complex Raman intensity and,
consequently, the catalytic activity at a particu-
lar temperature is difficult to understand by the
usual temperature effects on the rate of reaction.
The sharp fall-off in catalytic activity appears to

Ž .Fig. 8. A Time resolved in situ Raman spectra of the activation of 14 mole% BarMgO catalyst at 4508C, 5008C and 5508C in flowing He.
Ž .During activation, four phases were detected. B Phase diagram of the four identified phases of 14 mole% BarMgO catalysts, determined

Ž w x.by in situ Raman spectroscopy, as function of temperature and NO partial pressure adapted from Ref. 46 .
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Ž .Fig. 9. Time resolved in situ Raman spectra recorded during transient partial pressure step experiments at 5908C A , revealing the direct
Ž . Ž w x.correlation between catalytic activity and the intermediate Ba-nitro species B adapted from Ref. 47 .
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be related to a phase transition that involves
Ž .BaO, BaO , and Ba NO in relatively large2 3 2

crystallites on the MgO surface.
A comparison between the catalytic and in

situ Raman results supports the role of a
`Ba NO surface intermediate during NO de-2

composition. This nitro intermediate seems to
be responsible for the unusual activity maxi-

Žmum. Transient in situ Raman experiments Fig.
.9 across the phase boundaries convincingly

demonstrated that the Ba-nitro complexes show
a behavior upon changes in the gas phase NO
concentration, which is consistent with the cat-
alytic data: their concentration decreases on the
same time scale as the catalytic activity in-

Ž .creases and vice versa Fig. 9 . Opposite to that,
the intensity variations of the Raman bands of
the NO - or Ba-nitrito species are not in agree-3

ment with the changing catalytic activities. Thus,
these species are only indirectly related to the
catalytic cycle. The amorphous phase II seems
to act as a buffer for the active Ba-nitro inter-
mediates when the NO concentrations above the
catalyst are varied.

The characterization of the nitrate Raman
bands and those of crystalline barium peroxide
led to an interpretation of the observed complex
dependence on the O pressure within an over-2

all reaction scheme. Oxygen plays a dual role,
as shown in Fig. 10A. It produces barium perox-

Ž .Fig. 10. A Time resolved in situ Raman spectra of the reaction of a high O partial pressure with the reactive Ba-nitro intermediate at2
Ž .6008C. B In situ Raman spectra of the reaction of surface peroxide groups, stable at low O partial pressures, with NO at 6008C under2

formation of the reactive Ba-nitro intermediate.
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Ž y1.ide bands near 800–820 cm , which reacts
with NO to give the nitro intermediate. In situ
Raman spectroscopy of the decomposition of
supported BaO into defect-rich BaO revealed,2

however, this to occur under O partial pres-2

sures, which were at least an order of magnitude
higher than those during the catalytic decompo-
sition of NO. BaO was accordingly never de-2

tected by Raman spectroscopy under catalytic
conditions. Thus, the presence of BaO is not2

required for NO activation and the formation of
Ba-nitro species. Raman spectroscopy evidences
the formation of Ba-nitro species via the reac-
tion of NO with surface peroxide ions on de-

Ž .fect-rich BaO Fig. 10B . This peroxide species
was identified by its response to changes in the
O partial pressure and by 18O isotope labeling2

and is stable at temperatures up to 1000 K in the
w xpresence of O 48 . In addition, the formation2

of the active phase III from defect-rich BaO
required time periods comparable to those
needed for catalyst reactivation. This peroxide
species on defect-rich BaO, thus, is suggested to
be the center, which activates gas phase NO. On
the other hand, excessive O , being also a reac-2

tion product, converts the active nitro species to
the inactive nitrate. This oxidation reaction is
the reason for the observed inhibiting effect of
O on the catalytic NO decomposition.2

Lunsford et al. proposed the following cat-
alytic cycle on the basis of these observations:
Ž .i nitric oxide, either from the gas phase or

Žweakly adsorbed on the surface although not be
`.detected , reacts with a Ba NO intermediate2

Ž .to form N and O ; ii the nitro species are2 2

regenerated by the reaction of NO with surface
peroxide ions, or alternatively from the decom-

Ž . Ž .position of Ba NO ; and iii molecular oxy-3 2

gen converts nitro species into inactive nitrate
ions, but it is also required to generate the nitro
intermediate by forming surface peroxides.

w xXie and Lunsford 49 showed that N O can2

be decomposed over the same type of catalysts
too in the comparable temperature regime above
5508C, however, without showing this pro-
nounced activity maximum, which was ob-

served for the NO decomposition. As in case of
the NO decomposition an inhibiting effect of
additional oxygen in the feed was observed.
Small amounts of O added led to a pronounced2

decrease in the N O conversion. In situ Raman2

spectroscopy was applied in order to elucidate
the inhibiting role of oxygen.

In Fig. 11A, the series of time-resolved Ra-
man spectra is shown, which was recorded after
switching the gas flow from He to 10% N O at2

4008C. Catalytic activity was not observed at
this temperature. The appearance of bands due
to crystalline BaO was observed at 843 cmy1

2

within the first 4 h time on stream. Bands due to
Ž .Ba NO appeared in the Raman spectra after3 2

first crystalline BaO was formed after about 42

h on stream. After very extended reaction times,
Ž .the Raman bands of Ba NO were observed2 2

too.
The same experiment was repeated under

Ž .catalytic conditions at 5008C Fig. 11B . Under
these conditions, crystalline BaO is not formed2

anymore. A band at 932 cmy1, however, grows
in intensity on a time scale, which is identical to
the reduction of the N O conversion. This Ra-2

man band was assigned to peroxide defects on
the surface of defect-rich BaO. Inverse temporal
correlation of the intensity of this band with the
reduction of the N O conversion hints that the2

formation of these centers is the direct origin of
the loss in activity. The Raman band of Perox-
ide defects in the bulk of BaO at 983 cmy1, on
the other hand, does not show a temporal behav-
ior that is related to the change in activity.

To further prove the interrelation of the band
intensity of the peroxide defects with the cat-
alytic activity, N O partial pressure step change2

experiments were made. In these experiments
the gas phase was switched between a N O2

partial pressure of 5 and 20%. When the con-
centration was increased from 5% to 20% N O2

an overshoot in the N formation rate was2

observed, which leveled off on the time scale of
about 5 min. The opposite behavior was de-
tected when decreasing the N O concentration2

Ž .from 20% to 5% Fig. 11C .
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Only the Raman band at 932 cmy1 assigned
to peroxide defects at the surface of BaO exhib-
ited a temporal behavior, which showed an in-
verse correlation with the N formation rate on2

the same time scale. The Raman bands of all
other peroxide species exhibited a different tem-
poral behavior. Thus, the deactivation of the
catalyst when switching to higher N O concen-2

trations must be explained by the increased
formation of O and therefore surface peroxide2

groups on BaO.
From this series of experiments, Xie and

Lunsford suggested the following reaction steps
of the N O decomposition:2

1. N O reacts with surface O2y ions to give N2 2

and surface O2y;2

2. Two surface O2y species react to give O2 2

and two surface O2y ions;
3. O can react with two surface O2y ions to2

give the inactive O2y.2

5. Summary

Raman spectroscopy is certainly one of the
most powerful techniques for the characteriza-
tion of supported metal oxide catalysts. The
advantages Raman spectroscopy has, as com-
pared to other techniques, e.g. easy construction
of real in situ Raman reactors, high reaction
temperatures, usually are no problem, no inter-
ference of the gas phase or the support, over-
weigh by far its few disadvantages, like the
occasionally occurring fluorescence, or its in-
herently low sensitivity.

The new generation of Raman spectrometers
render possible time resolved in situ characteri-
zation of catalyst activation or even catalytic
processes due to their high stability and high
light throughput.

Thus, Raman spectroscopy is perfectly suited
for the characterization of structural changes
occurring in catalytic materials during their
action because this vibrational technique is sen-
sitive to crystalline, amorphous, glassy or
molecular species. Thus, phase transitions, de-
compositions, or solid state reactions between
different phases present can easily be character-
ized.

For example, it was shown by in situ Raman
spectroscopy that there is no detectable oxygen
exchange between MoO and Sb O as postu-3 2 4

lated by the remote control mechanism of selec-
tive partial oxidation. Thus, spillover oxygen
must be present in very small concentrations
probably as a weakly adsorbed surface species.
Molecular surface Mo species drastically change
their structure and geometry in absence of water
from, e.g. polymeric clusters to monomeric
highly distorted species. This structural change
certainly affects the catalytic properties of such
materials. Even crystalline MoO becomes mo-3

bile at its Tammann temperature, as proven by
in situ Raman spectroscopy, and spreads over
support oxides driven by the reduction of the
overall surface free energy. Such phenomena
certainly occur during catalytic action and may
lead to a continuing alteration of the catalytic
material, e.g. particle sintering, or disintegration
and phase separations as shown by laterally
resolved confocal Raman microspectroscopy of
a MoVW mixed oxide catalyst for selective
partial oxidation.

Ž . Ž .Fig. 11. A Time resolved in situ Raman spectra of the transient reaction of N O with 14 mole% BaOrMgO catalyst at 4008C. B Time2
Ž .resolved in situ Raman spectra of the transient reaction of N O with 14 mole% BaOrMgO at 5008C lower image . Inhibiting oxygen effect2

Ž . Ž .on the conversion of N O at 5008C with time on stream upper image . C Direct inverse correlation of the Raman intensity of the surface2
Ž y1 . Žperoxide groups band at 932 cm and the N formation rate during transient partial pressure step experiments upper image: increasing2

.from 5% to 20% N O, lower image: decreasing from 20% to 5% N O proving the inhibiting effect of oxygen. The Raman bands of the2 2
Ž y1 .other peroxide species detected bands at 983 and 837 cm do not show a temporal behavior correlated with the changing catalytic

Ž .activity Figures are courtesy of S. Xie .



( )G. MestlrJournal of Molecular Catalysis A: Chemical 158 2000 45–6564

Real in situ Raman characterization under
catalytic conditions was able to unravel the
reaction networks of the direct NO and N O2

decomposition over BarMgO catalysts, thus
convincingly showing the power of this tech-
nique for the study of active catalytic materials.

Due to its broad applicability, Raman spec-
troscopy will increasingly be used in the near
future to characterize catalytic materials under
action, to unravel the actual catalytically active
species, to follow catalyst deactivation pro-
cesses, and, hence, to control catalytic reactors
at the operation maximum. Fiber optics increas-
ingly will be exploited to record Raman spectra
in real catalytic reactors at different positions in
the catalyst bed. In addition, variation of the
excitation frequency will show resonance ef-
fects with electronic transitions and improve our
understanding of defect centers, and hence elec-
tron transport properties, in catalytic materials.
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