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ABSTRACT

Simultaneous operando Raman and transmission FTIR spectroscopic
measurements have been specifically coupled in a new homemade reactor
setup designed in a joint CSIC-UNICAEN collaboration. FTIR and Raman
spectroscopies allow respectively the simultaneous characterization of the
adsorbed species or reaction intermediates, and yield structural information of
the catalyst. This system was validated by applying to the study of vanadium
based catalysts during propane OxyDeHydrogenation (ODH). The combined
use of these spectroscopies with the activity results contributes to the
understanding of propane ODH and the identification of the role of different
oxygen species bound to vanadium sites. For example, the simultaneous
characterization under the same conditions of the catalyst by IR and Raman
confirms that the V=0 mode has the same frequency in both spectroscopies,
and that bridging oxygen sites (V-O-V, V-O-Zr) present higher activity than
terminal V=0 bonds. These results demonstrate the high potential of the new
simultaneous transmission IR-Raman operando rig to correlate the activity and
the structure of catalysts, thus assisting the rational design of catalytic
processes.



Introduction

The relationships between the surface structure and the performance of the
catalysts operating under relevant reaction conditions is an indispensable
information to understand the catalytic mechanisms of reaction and deactivation
and to identify the active phases for the rational design of more efficient
catalytic materials. In this sense, there has been an increasing interest in the
development of characterization techniques of functional materials under real
operating conditions. Recent reviews '-'2 show the evolution of in situ and
operando spectroscopic researches and their importance. In situ and operando
techniques have been applied with different characterization techniques, such
as IR 24 1377 EPR 1819 gynchrotron based techniques 529-2', Raman 6-822-30,
NMR %10 UV-VIS " or TEM "'2. All those works show the high value of the
information obtained from the simultaneous tracking of the catalysts structure
and reactivity in order to design catalytic materials and processes in a rational
way. There is still need for progress in the frame of time-resolved spectroscopy,
design of high quality reaction-cells, development of techniques for the study of
interfaces, and, particularly, multimodal operando approaches. Since each
characterization technique can provide only a part of the picture, one of the
main challenges to rise would be the development of tools that allow the
possibility of combining different spectroscopic techniques in a single rig, when

this can provide complementary insights into catalyst behavior.

Few works report the use of different characterization techniques for the

simultaneous study of structural changes of the catalytic material and the



reaction medium. Among these multimodal operando approaches, Baiker et
al.®' performed a combined liquid-phase ATR-IR and XAS study during the
aerobic oxidation of benzyl alcohol over Pd based catalysts. They combined
both spectroscopic techniques for characterizing the catalytic materials and
monitored the catalytic activity using FTIR spectroscopy, obtaining information
about the particle structure/oxidation state (by XAS) and the surface species (by
ATR-IR). Weckhuysen’s group 32 designed a laboratory setup for combined
operando X-ray diffraction and Raman spectroscopy of catalysts, with analysis
of reaction products by gas chromatography. They used such setup for the
study of the long-term deactivation of Co based catalysts during Fischer-
Tropsch synthesis. The same group also combined XAFS, Raman and UV-Vis
spectroscopies in a single experiment 33. The combination of XAS, XRD and
Raman for phase speciation in Water Gas Shift reaction catalysts has also been
performed 3. The operando coupling of EPR, Raman and UV-Vis
spectroscopies was reported by Bruckner 3. Other similar examples are
highlighted in a review by Bentrup 6. These examples demonstrate how the
coupling of complementary operando techniques in one rig results in more
rational and comprehensive information, necessary for the efficient design of

catalytic materials.

The combination of Raman and IR spectroscopies is particularly convenient for
supported oxides %7, since Raman spectroscopy reports essentially the structure
of the supported phase while IR has more sensitivity to adsorbed species.
Payen et al. % performed alternate in situ characterization by Raman and IR of
Pd based catalysts for DeNOx using a commercial Raman spectrometer with an

IR extension (Horiba Jobin Yvon). Zhang et al. 3%40 designed a home-made



high throughput reactor that combines FTIR and Raman spectroscopies. That
setup has six parallel reaction channels with six Raman probes that allow
studying the catalysts, while FTIR imaging allows the gas product analysis.
Urakawa 4' designed a DRIFTS-Raman setup configuration that enables
simultaneous IR-Raman detection with high spatial resolution in order to
monitor the surface of catalysts under NOx storage reduction. These
contributions underline the complementarily of both measurements. It should be
noted, however, that two main drawbacks are encountered: the measurements
are not always simultaneous, and, in many cases, IR data rely on the use of
DRIFTS or ATR-IR, two precious techniques which are however not directly
quantitative and usually have a lower sensitivity since the scattered signal can
be weak, and thus more difficult to interpret. Quantitative data are nevertheless
required to elucidate the catalyst role for many reactions and to properly
perform spectrokinetic studies “2. The approach developed here will thus rather
use transmission IR spectroscopy coupled to Raman to overcome this problem.
Transmission FT-IR will directly provide quantitative signals for adsorbed
molecular species, while Raman will inform on the structural aspects of the
material at work, focusing on neighboring sample spots of a single sample, in

exactly the same reaction conditions and with full temporal consistency.

Thus, the present paper reports the design and use of a novel concept of
operando IR-Raman cell (the “IRRaman” operando reactor), in order to obtain,
in a single experiment, with space and time consistency, transmission FTIR and
Raman spectra of catalysts, coupled with online analysis of the reaction
products under real operating conditions. Therefore, information about the

structure of the catalyst (mainly from Raman), information of adsorbed species



(mainly from FTIR) and reactivity (online activity measurements) blend into a
single experiment. The usefulness of this multimodal operando rig is
demonstrated here though the study of the propane ODH reaction over V-Zr-O
catalysts. Propane ODH has been largely studied “347. Dispersed vanadia or
molybdena-based catalysts are well known as active catalytic materials for this
process.*® The reaction mechanism shows that surface monomeric and
polymeric species are active and participate in the formation of propyl or
(iso)propoxy species as first reaction intermediates, which are usually further
oxidized giving rise to COx in the gas phase *3. The evolution of the solid
catalyst during the pre-activation treatment and afterwards under the reaction
flow will thus be followed here with the IRRaman operando reactor we have

developed and compared with the development of the adsorbed species.

Experimental section

Catalysts synthesis. The synthesis of the catalytic materials has been
previously described “8. Briefly, Zirconium (IV) propoxide solution (Sigma-
Aldrich, CAS: 23519-77-9, 70 wt. % in 1-propanol), polyvinylpyrrolidone (PVP)
(Sigma-Aldrich, CAS: 9003-39-8, Mw ~1,300,000), acetylacetone (Sigma-
Aldrich, CAS: 123-54-6, 299%), 1-propanol (Sigma-Aldrich, CAS: 71-23-8,
299.5%) and vanadyl acetylacetonate (Sigma-Aldrich, CAS: 3153-26-2,
297.0%) were used as starting materials. The polymer solutions for the
electrospinning process were prepared by dissolving the zirconium precursor
and PVP in 1-propanol solvent: 2.100 g of (zirconium (IV) propoxide), 0.317 g of

PVP, 0.450 g of acetylacetone and 2.984 g of 1-propanol. Then, the vanadyl



acetylacetonate was added to the above polymer solution, to obtain final fibers
with nominal vanadium mass concentrations of 2.5% (Zr-V2.5), 5.0% (Zr-V5.0)
and 6.4% (Zr-V6.4). Subsequently, the polymer solutions were vigorously stirred
for 24 h at room temperature before the electrospinning process. The
electrospinning equipment has been already described in the previous articles
4849 Then, the electrospun fibers were calcined in a conventional tubular
furnace. In each case, the heating rate was 10 °C-min-" up to 500 °C, which was
kept for 6 h in air flow (150 mL-min-' STP) in order to eliminate the organic part
and the remaining solvent and stabilize the zirconia fibers. The vanadium mass
concentrations obtained by XPS analysis of these final samples Zr-V2.5, Zr-
V5.0 and Zr-V6.4 were 2.7, 4.9 and 6.0%, respectively, as reported in a

previous work 4849,

The “IRRaman” reactor. The IR-Raman operando rig was specifically
designed at Laboratoire Catalyse et Spectrochimie (Caen, France), adapting a
home-made operando IR reactor-cell ¥ to also host a Raman probe (Figure 1).
This cell is a genuine catalytic reactor, both from the point of view of the
fluidodynamics of the cavity %' and in the preservation of the morphology of the
self-supported wafer 52. Evolutions of the so-called "Sandwich" operando IR cell
have already been carried out in the past in order to facilitate the kinetic
analysis ®' or to determine the reaction mechanisms in photocatalysis 3. The
adaptations made in the framework of this study aim to collect continuously both
the transmission FTIR and reflectance Raman spectra on the same pellet (~20-
30 mg, 2 cm?). Therefore, the cell was modified by notably replacing the two

KBr windows positioned on one side of the cell by a stainless steel cylinder



drilled to accommodate the Raman probe with the lens placed a few millimeters
close to the pellet and at the same time to let the IR beam pass through a
dedicated small KBr window. The sealing of the cell was guaranteed via Kalrez
O-rings. The diameter of the cylinder through which the IR beam passes is
equal to 4 mm and the distance between the pellet and the Raman probe
(approximately 1 mm) is adjustable, in order to optimize the signal intensity. The
temperature on the pellet is controlled via a thermocouple placed on the sample
holder. This temperature was thus used as a reference to command the heat
controllers in order to avoid any perturbation of the heat transfer with the
dedicated steel barrel holding the Raman probe compared to the original
reactor with only KBr windows.

The cell is placed in a IR spectrometer bench (here is a Nicolet 6700 FT-IR
spectrometer equipped with a MCT/A detector) allowing the recording of the
transmission IR spectra (64 scans/spectrum, 2 cm™' resolution). For Raman, the
laser (532 nm) beam generated by a Horiba Jobin Yvon Labram300
spectrometer is guided into the cell by an optical fiber and focused on the
sample with an ad hoc InPhotonics Raman probe specially designed to
withstand high temperatures. Spectrum resolution was about 1.5 cm™ and laser
power was around 5 mW on the sample. It can be noted that at the end of the
experiments, the pellet did not show any sign of local overheating or preferential
carbon deposit in the analysis zone of the Raman laser. The dual IR-Raman
operando reactor can be heated for catalyst activation or reaction, and can be
fed with controlled gas flow. Downstream the catalyst wafer, the exhaust gases
are directed towards an IR gas cell, a GC and/or a mass spectrometer for

simultaneous on line analysis. The current approach has, thus, the advantage



of the simultaneous monitoring of Raman and transmission IR spectra while
acquiring relevant catalytic data, and easy adaptability on any FTIR and fibre-

coupled Raman spectrometers.

Figure 1. Description of the IRRaman device adapted from the Sandwich cell:
(A) general view of the cell in perspective, (B) longitudinal view and (C)
exploded view of the IRRAMAN accessory. (1) air cooling outlet, (2)
thermocouple location, (3) air cooling inlet, (4) IRRAMAN cell support, (5)
Raman probe, (6) IR beam, (7) gas outlet, (8) adjusting nut for airtightness, (9)
KBr windows, (10) oven location, (11) external shell, (12) gas inlet, (13) sample
(wafer), (14) wafer holder, (15) barrel of the IRRAMAN accessory, (16) Kalrez
O-ring, (17) hollow clamping nut (for the passage of the IR beam), (18) cap of
the IRRAMAN accessory.

ODH reaction conditions. Three catalytic materials (Zr-V2.5, Zr-V5.0 and Zr-
V6.4) were tested in the propane oxidative dehydrogenation (ODH) in the
IRRaman operando reactor. For all the experiments, the samples were pressed

into self-supported wafers. The weight of catalyst (Wcat) and the total volumetric
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gas flow (Fr) were around 31.5 mg and 18.1 mL-min-', respectively, resulting in
a space-time (Wcat/Fcsns) of 0.53 geat's'mL"'cans. The reaction temperature was
varied from 200 to 340°C. Two different gas mixtures so called “activation” and
“reaction” flows were used. The activation flow consisted of a mixture containing
10% of oxygen in argon, while the reaction flow consisted of a mixture of 20% of
propane and 10% of oxygen in argon. Experiments without oxygen were also
carried out for both the activation and the reaction flow (noted DH in this case).
Gas lines were heated at 60°C before and after the reaction-cell in order to pre-
heat the reactant mixture and to avoid condensation of products leaving the
reactor-cell.

The experiments were performed after the dehydration of the samples by a
treatment under activation flow from room temperature to 340°C with a heating
rate of 5°C-min-'. After activation and equilibration at the reaction temperature,
different flows were alternated in the following order: activation, reaction,
activation, reaction without oxygen, and activation flow. Sometimes, the
activation flow without oxygen was introduced between the reaction and the
activation flow with oxygen, in order to observe the influence of oxygen in the
changes of the catalyst. The conditions were never changed before achieving
the steady state in each experiment.

Operando FTIR and operando Raman spectra of the catalysts were acquired
every 2 and 4 min, respectively. Reactants and products of the gas phase were
analyzed by both an online FTIR gas cell (one spectrum every 2 min), and
online mass spectrometry (one measurement every ~3 seconds). In all the

experiments performed under reaction flow the carbon molar balances were



attained with a maximum error of 5%. Propane conversion and the selectivity to

w

product “" are denoted as X¢,u, and S;, respectively, being:
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where Fq ¢y, and Fc_y, are the molar flows of propane in the inlet and in the

outlet streams, respectively. F; is the molar flow of i product in the outlet stream,
and n; is the number of carbon atoms per molecule of i product (nc,y, = 3).
Turn-over frequency (TOF) was calculated from Eq. (3); it quantifies the specific
activity under defined reaction conditions per vanadium atom describing the

number of converted moles of propane per mol of vanadium and time:

F X M
TOF = -%CsHs®CsHg MV 3)

WeaeWy

where My is denoted as the molar mass of vanadium and Wy mass of
vanadium per gram catalyst based on nominal loading or determined by XPS in
a previous work 48,
Blank experiments were performed under reaction flow without catalyst and with
a vanadium-free zirconia sample, in order to discard a possible contribution of
the homogeneous phase reaction and/or of the zirconia support in the catalytic
results of propane ODH at the temperatures studied. In both cases propane

conversion values were negligible.

Results and Discussion
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1) Monitoring of the pre-activation of the catalysts

Before reaction, the catalysts can be followed during the initial activation step.
Figure 2 shows the simultaneous Raman and infrared spectra of hydrated and
dehydrated samples. This approach allows the determination of all the
vibrational bands from 5000 cm™ to 150 cm™', without the restrictions usually
observed in IR spectroscopy of the solids, where lattice bands absorb all the
signal below ca. 1000 cm™'. All solids show broad Raman bands (642, 459, 314
and 268 cm™) associated with the tetragonal phase of zirconia *8%, in
agreement with the XRD results (Supporting Information, Figure S1); these
bands are not sensitive to hydration/dehydration (Figure 2B) and are used to
normalize the intensity of Raman spectra. The infrared bands near 1630 cm™’
and at 3500-3400 cm-! show the presence of adsorbed water in all samples at
room temperature (Figure 2A); these bands are respectively attributed to the H-
O-H bending and v(OH) stretching modes 55%. The infrared signal of adsorbed
water molecules increases with vanadia content and it is removed upon
dehydration (Figure 2A). Weak bands due to the hydroxyls on the solid are then
visible around 3700 cm'. The Raman and infrared V=0 modes near 1020 cm""
57-58 red-shift upon hydration; these are characteristic of molecularly dispersed
vanadium oxide species %°. The infrared and Raman modes V=0 in dehydrated
samples blue-shift from 1019 to 1029 cm™ as the vanadium content increases
from 2.5 to 6.4% (w/w), due to a higher relative population of polyvanadates
with respect to monovonadates %°. It is important to underline the highly
consistent wavenumbers observed for the V=0 mode in both Raman and
infrared systems with vanadia loading, for dehydrated samples, which match at

the same values (Figure 3). This implies that the cell design and the
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neighboring spots of analysis for IR and Raman are well-suited for the
measurements in exactly the same conditions.

No additional information may be extracted from infrared spectra below 900 cm-
1, due to the strong absorption of zirconia support. Conversely, Raman
spectroscopy does provide additional information of vanadia species in that
spectral window: the broad Raman signal in the 700-950 cm-' range grows
stronger with vanadium content and corresponds to V-O-V and V-O-Zr modes
4880 the signal for V-O-V chains appears near 880 cm™ ', while the broad
signal near 770 cm™ is assigned to V-O-Zr vibrations like in ZrV.O7 samples
4862 Since V205 presents intense Raman bands near 143 and 994 cm' ¢ its
presence can be excluded in these samples. Infrared spectra provide additional
complementary information. The infrared bands near 1580, 1456 and a
shoulder near 1380 cm present in the dehydrated samples are attributed to
carbonaceous deposits. In particular, the band at 1580 cm™ is characteristic of
C=C bond stretching in polycyclic aromatic compounds, while the weaker bands
near 1456 and 1380 cm™' have been attributed to the bending modes of —CH, -
CH. and —CHs; species in carbonaceous deposits 64, The presence of
bidentate carbonates (weak features at about 1550, 1315 and 1060 cm-) 5
cannot be excluded as well. The sharp band near 2339 cm™ is associated with
occluded CO; %67 that could be retained in the materials closed porosity. This
CO2 may form during the preparation of the samples in the calcination step of

the carbonaceous precursors.
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Figure 2. FTIR (A-left) and Raman (B-right) spectra obtained in the reactor under activation flow (10% Oz in Ar) at room
temperature (a) and at 340°C (b).
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Figure 3. A (top). Infrared and Raman spectra in the V=0 region for dehydrated
catalysts. B (bottom). (o) Infrared and (A) Raman V=0 mode frequency vs.
vanadia loading for dehydrated catalysts.
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2) Studying catalysts during reaction

The evaluation of the IRRaman reactor in reactive conditions is presented in
this section. Table 1 shows the activity results obtained during propane ODH
experiments in the IRRaman reactor at 340°C and measured via the Mass
Spectrometer signal and FTIR spectra from the gas phase. These results are
consistent with those obtained with the same samples in a conventional fixed
bed microreactor 48, which validates the IRRaman reactor as providing
catalytically relevant data (i.e., as a genuine operando reactor) and adequate
temperature control. The TOF values are calculated assuming that all vanadium
atoms are exposed on the catalysts, which is not strictly the case. Nevertheless,
the fact that TOF calculated from XPS or from the nominal values are similar,
enables at least a qualitative use of the evolution of these calculated values.
Catalysts were all inactive at 200°C. Conversions then gradually increased.
Finally at 340°C their activity increases with the vanadium content for the
studied conditions, as indicated by the conversion, yield to propylene and TOF.

Table 1. Activity results obtained during the operando experiments in the

IRRaman reactor at 340°C (Catalyst weight: ~31.5 mg, Total Flow: ~18,1
mL-min”', Space-time: ~0.53 g-s-mLCs).

XcsaHs Xo2 Scane | YcsHe TOF? TOF®
Sample
(%) (%) (%) (%) (10%s™) (10%s")
Zr-V2.5 1.3 6.6 71.4 0.93 2.02 2,18
Zr-V5.0 3.2 10.9 75.8 2.42 2.74 2,69
Zr-V6.4 53 24.3 58.5 3.10 3.71 3,48

@ TOF based on XPS analyses. ® TOF based on nominal loading.
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Figure 4. Operando FTIR (1 and 2) and Raman spectra (3) for (A) Zr-V2.5, (B) Zr-V5.0 and (C) Zr-V6.4 at 340°C. IR spectra shown at 1700-
1100 cm (1) were all subtracted with the reference spectrum of the sample under activation flow at the same temperature. Green and yellow
traces represent experiments using ODH and DH feeds, respectively. Spectra represented in green correspond directly to the activity results
presented in Table 1. Blue and pink traces represent experiments using activation flow before and after reaction, respectively.

16



These activity data were compared with the evolution of the Raman and FTIR
operando spectra (Figure 4). In order to fully characterize the catalysts, spectra
were acquired at 340°C both in the presence and absence of oxygen, and with
an activation flow before and after reaction. FTIR spectra in the 1750-1100 cm™"
region provide information about the adsorbed oxygenated species (Figure 4-1).
In the 1100-900 cm™ region, FTIR bands related to V=0 bonds are detected
(Figure 4-2) and can be directly compared to the Raman results presented in
the region 1100-525 cm™! (Figure 4-3). Adsorbed species were removed by heat

treatment in presence of Oz before starting each experiment.

The catalysts exhibit some infrared bands in the region of adsorbed species
during ODH reaction (green spectra in Figure 4-1). These bands correspond to
a mixture of bidentate acetates (1540, 1448, and 1355 cm™), acrylates (~1640,
1540, 1440, and 1355 cm™') and bidentate formates (1570, 1371, and 1350 cm
1) 70-75_Interestingly, at 200°C, bands could also be observed in the same range
but only for the highest vanadium loadings (Figure S2). In this case, formates
were predominant and remained stable upon oxidation. All the catalysts being
inactive at this temperature, formate species are thus likely to have a moderate
role in the reaction scheme. Conversely, at 340°C, the adsorbed species are
almost completely removed upon reoxidation (Figure 4, pink spectra); COx and
water are detected in the gas phase, suggesting that these surface adsorbed
species are intermediate of the total oxidation pathway. It can also be observed
that the proportion of acetates and acrylates increases with respect to formates
with the vanadium content of the catalysts, since the bands corresponding to
acetate and acrylate species become more prominent, and especially in the

most active catalyst (Zr-V6.4). This could also indicate that acetates and
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acrylates preferentially adsorb on sites only present on the higher vanadium
loadings, i.e. more polymerized species. A small shift and a slight intensity
decrease of the infrared V=0 modes (Figure 4-2) is apparent during reaction
(green spectra) with respect to the initial spectra (blue profiles), this effect being
more noticeable as vanadium content increases. These small perturbations
observed during reaction (green spectra) disappear upon reoxidation (pink
spectra) along with the concomitant removal of the above adsorbed oxygenate
species. On the other hand, Raman spectra of all the catalysts (Figure 4-3)
show a significant decrease in the intensity of the bands associated to V-O-V
and V-O-Zr bonds in reaction conditions (green spectra) with respect to the
initial spectra (blue profiles). These bands are restored under oxidizing
conditions, since the post-reaction spectra (pink profiles) overlap with the initial

spectra (blue profiles) in all cases.

In additional experiments, we introduced reaction feed without Oz (DH; yellow
spectra). These spectra show a higher amount of adsorbed oxygenates -
especially acetates- than in ODH conditions (Figure 4-1). As reported in the
literature 78, lattice oxygen is not involved in the formates conversion to CO.
Conversely, the development of acetates and acrylates implies catalyst
reduction (i.e., consumption of lattice oxygen). Therefore, during DH, acetates
dominate because only the formates are removed. During ODH, both acetate
and formate species are being formed and removed, giving rise to a steady
state characterised by a spectrum which is just a mere linear combination of
both IR spectra. These differences are not observed between the DH and ODH

spectra for the catalysts with higher vanadium content (Zr-V5.0 and Zr-V6.4),
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since they already present a high proportion of acetates with respect to

formates.

During DH, carbonaceous deposits form, as evidenced by a shoulder around
1600 cm™ in the FTIR spectra and Raman bands of carbon compounds around
1430 and 1600 cm™ (Supporting Information, Figure S3). Moreover, there is a
significant decrease of V=0, V-O-V and V-O-Zr modes intensity (Figure 4 A2-
A3, B2-B3 and C2-C3, yellow spectra). While the V=0 mode remains mildly

affected, there is a large depletion of the polyvanadate Raman bands (Figure

4). [The| labsence of changes after inert argon was fed after reaction

demonstrates that the reoxidation of the catalyst (or the recovery of the vanadia
bands to the initial state) and the removal of the adsorbed species (mainly
acetates and carbonaceous deposits) are only possible if there is oxygen in the

gas phase.

V=0 and V-O-V/V-O-Zr bands undergo changes during reaction, but the most
important modifications are observed in the case of V-O-V and V-O-Zr bonds,
suggesting that they participate to the reaction during propane ODH, being most
probably the active sites. These changes are reversible and the bonds are
restored under subsequent oxidation. These results are in agreement with
previous findings that determine a higher reactivity of the bridging oxygen (V-O-
V and V-O-Support) with respect to the terminal oxygen of the vanadyl group 7.
The perturbations observed in the V=0 band could somehow be associated
with the interaction of these bonds with the adsorbed species, since these shifts
are only observed when these species are present, and they disappear just

when the oxygenates are removed.
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Comentado [HC1]: After reduction reaction we have observed
that the V=0 and polyvanadates have practically disappeared in
Raman spectra, while in the case of IR the V=0 mode are still
remains. In our opinion this is due to the different way to obtained

. | the measure, IR (transmission) and Raman (back-scatering)

‘ Comentado [GC2]: The difference is strange indeed. | don’t

think it is related to the transmission/back-scattering because we
would have differences all the time.

I rather wonder whether Raman is obscured in these reactive
conditions, may be due to fluorescence in evolving conditions?

(Comentado [M.D.3]: Your opinién Miguel and Olga?




The evolution of reaction products during DH may also be monitored by the
analysis of the gas phase by IR spectroscopy instead of Mass Spectrometry.
The results for Zr-V6.4 at 340°C are shown in Supporting Information, Figure
S4. The initial products, as expected, are propylene, CO and CO2, whose
concentration decrease with time, as the lattice oxygen of the catalysts is being
exhausted. The fact that these oxygenates products are being detected during
some minutes, confirms the participation of lattice oxygen, in line with a Mars-
Van Krevelen type mechanism. This is confirmed by the major decrease of the
V-O-V/V-O-Zr bands, which suggests the contribution of these oxygen atoms to
the oxidation. When oxygen is fed again, the activity, and the V-O-V/V-O-Zr
bands, are recovered, demonstrating the reversibility of the redox behavior of

these catalysts.

Therefore, while operando analysis is required to provide the necessary
catalytic data, the simultaneous acquisition of IR and Raman spectra allows an
extensive evaluation of both the adsorbed species and their impact on the

working catalyst.

Conclusions

A new multimodal operando cell was developed for simultaneous Raman and
FTIR operando spectrocopies (‘IRRaman” reactor). This system s
demonstrated here through the behavior of V-Zr-O catalysts under propane
ODH conditions. The combination of complementary spectroscopies allows both
the identification of the reaction intermediates (oxygenates species detected by

FTIR) and additional structural information of the evolution of V=0 and V-O-
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V/V-O-Zr bonds on the catalysts (FTIR and Raman spectroscopy).The V=0
mode has the same frequency in Raman and infrared since they are measured
under identical conditions. The results are consistent with the reported Mars-
van Krevelen mechanism. They also indicate that the V-O-V/V-O-Zr sites are
more active than terminal V=0 bonds, so shedding additional light on this
industrially important reaction mechanism.

In perspective, the new operando device can provide fundamental insights into
many reaction mechanisms, thanks to its capacity to associate concomitant
information from the surface adsorbed species and catalyst structure evolution
under stream in a single rig, on the same sample, at the same time and at
identical operating conditions. This device could also find useful applications in
the study of materials in evolution under heat and/or under controlled
atmosphere.

Supporting information
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CsHg in Ar) at 340°C.
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