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Abstract

The COz-assisted oxidative dehydrogenation (ODH) of propane is of great interest for
technical applications, enabling the use of the greenhouse gas CO: in a value-adding
process. Supported vanadium oxide (VOx) catalysts are a promising alternative to
more active but toxic chromium oxide catalysts. Despite its common use, TiO2 has not
been investigated as support material for VOx in the CO2-assisted ODH of propane. In
this study, we address the interaction between titania (P25) and vanadia within the
reaction mechanism using XRD, multi-wavelength Raman, UV-Vis and DRIFT
spectroscopy. Besides direct and indirect ODH reaction pathways, propane dry-
reforming (PDR) is identified as a side reaction, which is more prominent on bare
titania. The presence of VOx enhances the stability and selectivity by participating in
the redox cycle, activating CO2 and leading to a higher rate of regeneration. As main
deactivation mechanisms of the catalyst system we propose the reduction of the titania
lattice and the consumption of vanadium, while carbon formation appears to be less
relevant. Our results highlight the importance of analysing the CO2-ODH reaction
network and applying combined steady-state spectroscopies as a first step towards a
detailed mechanistic understanding of CO2-assisted propane ODH over supported VOx
catalysts.
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1. Introduction

The oxidative dehydrogenation (ODH) of propane is a promising additional process
towards propylene production to meet the ever growing demand for this base
chemical.>? This demand cannot be satisfied by traditional production methods like
steam cracking or fluid catalytic cracking, resulting in the ‘propylene gap’.®* The ODH
of propane adds oxygen to the gas-feed, resulting in several advantages like lower
reaction temperatures and therefore energy consumption and less catalyst leaching.
However, it is still a challenge to control the oxidation process towards the selective
oxidation product and significant amounts of COx are formed as a side product.>2° To
avoid the over-oxidation of propane, CO2 can be used as a soft-oxidant to increase the
selectivity towards propylene. In addition, the heat capacity of COz leads to a more
homogenous temperature distribution throughout the reactor and a lower risk of
flammability compared to Oz, facilitating a scale-up of the process.®’ From the
environmental perspective, the use of the greenhouse gas CO:2 as a soft-oxidant in
technical applications would directly assist in the efforts to mitigate the climate change,
while creating value-added products in the form of propylene and CO.81° However,
due to the high temperature required for CO2 activation,'1*? a suitable catalyst needs
to be employed to obtain sufficient conversions at moderate temperatures without
catalyst deactivation (e.g. coking)?*3.

A promising class of catalysts for the CO2z-assisted ODH of propane are
supported transition metal oxide catalysts.'4'” In the past, a research focus was put
on chromium oxide (CrOx) due to its high activity.”1821 In this context, Mychorczyk et
al.?° described the oxidation state of chromium, as measured via operando UV-Vis
spectroscopy, to be of great importance to differentiate between the oxidative and non-
oxidative reaction paths, where Cré* species are reduced rapidly to Cr*/3* species
under reaction conditions, which participate in the non-oxidative pathway. However, as
chromium oxides are toxic and harmful to the environment, other materials have
attracted renewed interest.?? Vanadium oxide (VOx) is a promising catalyst for CO2-
assisted ODH reactions,?*=?7 since it is commonly used for oxidation reactions in
industrial applications and shows high activity for the ODH of propane using 02.528
Besides VOx, molybdenum oxide (MoOx) was recently used as the active phase.?%3
For the vanadia-based catalysts, a variety of supports such as SiO2,2327 Al203,2* and
In2032526 were already studied theoretically and experimentally in the literature.

However, the use of CeO2- and TiO2-supported vanadia catalysts, which are the most
3

https://doi.org/10.26434/chemrxiv-2023-rnfrd ORCID: https://orcid.org/0009-0003-0253-281X Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2023-rnfrd
https://orcid.org/0009-0003-0253-281X
https://creativecommons.org/licenses/by-nc-nd/4.0/

active support materials in propane ODH using 02,3132 has not been reported in the
context of CO2z-assisted ODH reactions.

An important aspect towards mechanistic understanding is the characterization
of the reaction network using CO2-assisted propane ODH, as multiple side reactions,
like propane dry reforming (PDR),?° carbon formation, cracking, and coke gasing may
occur simultaenously.'® Furthermore, based on experimental and theoretical work on
a WOx-VOx/SiOz catalyst, Ascoop et al.?% proposed the occurrence of two pathways for
propylene formation, that is a direct pathway via the ODH reaction and an indirect
two-step pathway, including direct propane dehydrogenation, resulting in propylene
and hydrogen, followed by a reaction of H2 with CO2 to CO and water via the reverse
water-gas shift (RWGS) reaction. The presence of two simultaneous reaction
pathways towards propylene was confirmed experimentally by Rogg et al.?’” for
VOx/SIO2 catalysts, using operando spectroscopy, highlighting the importance of the
pre-treatment conditions as partly reduced vanadia chains seem to limit the deep
oxidation potential, increasing the propylene selectivity. Regarding the use of active
support materials, Jiang et al.?>?% have recently described the potential of VOx/In203
catalysts, where vanadia was identified to reduce dry-reforming and participate in the
redox cycle, resulting in good ODH selectivities. Monomeric VOx species were
proposed as the most active site, due to their strong interaction with indium.?® However,
despite these studies, there is a number of open questions related to the mode of
operation of VOx catalysts in COz-assisted propane ODH: What is the role of CO2 within
the reaction network? Is the support actively participating in the reaction? How can the
selectivity behavior be explained and possibly controlled? How does the catalyst
deactivate?

To answer these questions, we address the mode of operation of different
VO«/TIO2 catalysts during CO2-assisted propane ODH, by combining multiple quasi in-
situ and operando methods in this study. These include multi-wavelength Raman, UV-
Vis, and DRIFT spectroscopy, as well as XRD to gain insight into the reaction
mechanism and to identify the exact role of CO2 and the support, and to elucidate
vanadia nuclearity-dependence of the observed reactivity behavior. The combination
of these methods allows for a dedicated investigation of the active and support phases
based on differing selective intensity enhancements and a differentiation between
surface, subsurface, and bulk processes due to the different information depth of the

applied methods. Furthermore, we address the common problem of catalyst
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deactivation during the reaction by identifying key catalyst deactivation mechanisms
relevant to VO«/TIO2 catalysts. Our results demonstrate the great potential of
combining multiple operando methods to provide a mechanistic understanding of
catalytic reactions with potential industrial applicability. Our approach can readily be

transferred to other catalyst materials based on ceria, molybdena or tungstia.
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2. Experimental Section
2.1. Catalyst Preparation

Bulk titania and thin-film titania prepared by atomic layer deposition (ALD) was used
as support material. Titania P25 (Aeroxide, Sigma-Aldrich, 299.5%), consisting of 77%
anatase, 16% rutile, and 7% amorphous titania, was purchased.®® The P25 samples
were first characterized by nitrogen physisorption and subsequent analysis by the
Brunauer-Emmet-Teller (BET) method, yielding a surface area of 73 m?/g and then
loaded by wet-impregnation using an aqueous solution containing a 1:2 ratio of
ammonium meta vanadate (AMV) and oxalic acid with four different concentrations
(1.2, 0.59, 0.25, and 0.05 mol/l), resulting in vanadium surface densities of 2.5, 1.2,
0.5, and 0.1 V/nm?, respectively. All samples were loaded below monolayer loading
(as confirmed by Raman analysis), thus guaranteeing that only amorphous vanadia
was present.3* The loaded samples were dried at 120 °C for 12 h and then calcined
at 480 °C for 4 h.

Mesoporous silica SBA-15 was synthesized as described previously,?” and coated with
titania using a custom-built ALD set-up, as described previously.?® The theoretical
thickness of the thin-film titania corresponds to 10 nm, as determined by ellipsometry
for a silicon wafer.3> The sample was calcined in air at 600 °C for 12 h to crystallize the
titania. The specific surface area was determined to be 81 m2Z/g by nitrogen
physisorption with subsequent BET analysis. The samples were also loaded by wet-
impregnation, employing an aqueous solution with a 1:2 ratio of AMV and oxalic acid
with a concentration of 0.67 mol/l, resulting in a vanadium surface density of 1.2 V/nm2.
The samples were dried and calcined as described above. All samples were prepared
in the same exact way as in our previous VOx/TiO2 study on propane ODH using Oz,
to guarantee comparability.?®

2.2. Catalytic Testing

Catalytic testing was performed in a CCR 1000 reaction cell (Linkam Scientific)
equipped with a membrane pump to allow for operation in a fluidized-bed mode, using
60 mg of catalyst for the P25 samples and, due to its much lower density, 25 mg of the
ALD-synthesized samples. The samples were first dehydrated in 12.5% O2/He for 1 h
at 550 °C, subsequently cooled to 50 °C, exposed to 12.5% CO2/12.5% CsHs/He with
a total flow rate of 40 ml./min, and then heated in 45 °C steps up to 550 °C, staying at
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each temperature for 1 h. The gas-phase composition was analyzed continuously
using a gas chromatograph (GC, Agilent Technologies 7890B) equipped with a
PoraPlotQ and a Molsieve column as well as a thermal conductivity detector (TCD)
and a flame ionization detector (FID) in series. The set-up is connected through a
twelve-way valve. One chromatogram is measured every 29 min, resulting in two
chromatograms for each temperature, which were averaged. The pressure before and
after the GC was monitored to correct the detected areas for pressure fluctuations. The
obtained conversions were normalized to the surface area of the catalyst, due to the
significantly different sample masses used for P25 and ALD-synthesized catalysts. To
analyze the reaction network, the temporal evolution of the reactivity behavior was
analyzed at 550 °C. The samples were first dehydrated in 12.5% O2/He for 1 h, then
treated consecutively in 7.5% Hz/Ar, 12.5% CO2/He, 12.5% C02/12.5% CsHs/He, and
finally regenerated in 12.5% COz2/He (for 2 h for each gas phase), respectively. The
reaction products were analyzed and time-dependent ratios between different products
were calculated to determine the relative contributions of the different reaction

pathways to the overall product distribution.

2.3. UV-Raman Spectroscopy

UV-Raman spectroscopy was performed at an excitation wavelength of 385 nm
generated by a laser system based on a Ti:Sa solid-state laser pumped by a frequency-
doubled Nd:YAG laser (Coherent, Indigo). The fundamental wavelength is frequency
doubled to 385 nm using a LiB3Os crystal. The light is focused onto the sample, and
the scattered light is collected by a confocal mirror setup and focused into a triple-stage
spectrometer (Princeton Instruments, TriVista 555).%¢ Finally, the Raman contribution
is detected by a charge-coupled device (CCD, 2048 x 512 pixels) cooled to —120 °C.
The spectral resolution of the spectrometer is 1 cm™. For Raman experiments, 60 mg
of catalyst was placed in a CCR 1000 reactor (Linkam Scientific Instruments) equipped
with a CaF2 window (Korth Kristalle GmbH). A fluidized-bed reactor was employed to
avoid laser-induced damage, allowing the use of a laser power of 8 mW at the location
of the sample. Data processing included cosmic ray removal and background
subtraction. Operando spectra were measured after dehydration for 1 h in 12.5%
O2/He and further pre-treatment in 7.5% H2/Ar and 12.5% CO2/He at 550 °C to start
from a partially oxidized state. Afterwards, the catalyst was exposed to reactive
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conditions (12.5% CO02/12.5% CsHs/He) and regenerated under oxidizing conditions
(12.5% CO2/He) with a total flow rate of 40 ml./min for each gas phase. The spectra
were further analyzed by a least-squares fitting analysis using Lorentzian functions
after normalization to the anatase Eg peak at 630 cm™. The intensity of the carbon

signal was determined by integration over all carbon peaks.

2.4. Vis-Raman Spectroscopy

Visible (Vis) Raman spectroscopy was performed at 514 nm excitation, emitted from
an argon ion gas laser (Melles Griot). The light was focused onto the sample, gathered
by an optical fiber, and dispersed by a transmission spectrometer (Kaiser Optical,
HL5R). The dispersed Raman radiation was subsequently detected by an
electronically cooled CCD detector (—40 °C, 1024 x 256 pixels). The spectral resolution
was 5 cm with a wavelength stability of better than 0.5 cm™. For Raman experiments,
60 mg of catalyst was filled into a CCR 1000 reactor (Linkam Scientific Instruments)
equipped with a quartz window (Linkam Scientific Instruments). A fluidized-bed reactor
was employed to avoid laser-induced damage, allowing the use of a laser power of 5
mW at the location of the sample. Data analysis of the Raman spectra included cosmic
ray removal and an auto new dark correction. Operando spectra were measured after
dehydration in 12.5% O2/He and further pre-treatment in 7.5% Hz/Ar and 12.5%
CO2/He at 550 °C for 1 h, respectively, to start from a partially oxidized state.
Afterwards, the catalyst was exposed to reactive conditions (12.5% CO02/12.5%
CsHs/He) for 2 h for time-dependent measurements and regenerated under oxidizing
conditions (12.5% COz2/He) for 1 h with a total flow rate of 40 ml./min for each gas
phase. The spectra were further analyzed by a least-squares fitting analysis using

Lorentzian functions after normalization to the anatase Eq peak at 630 cm™.

2.5. X-Ray Diffraction

Powder X-ray diffraction (XRD) patterns were recorded on a Stadi-P (Stoe & Cie)
diffractometer with a Ge(111)-monochromator, Cu Kaz radiation (A = 1.54060 A), and
a MYTHEN-1K (Dectris) detector, using a flat sample holder in transmission geometry.
For quasi in-situ XRD measurements the samples were measured in pristine condition

after dehydration in 12.5% O2/He for 1 h at 550 °C, followed by rapid cooling to room
8
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temperature in pure helium in the Linkam reactor and an inert transfer to the
diffractometer. For the second set of experiments, the samples were pre-treated
consecutively in 12.5% O2/He, 7.5% H2/Ar, 12.5% CO2/He, and 12.5% C02/12.5%
CsHs/He for 1 h at 550 °C, respectively, followed by rapid cooling to room temperature
(200 °C/min) in pure helium in the Linkam reactor and an inert transfer to the

diffractometer.

2.6. Diffuse Reflection UV-Vis Spectroscopy

Diffuse reflectance (DR) UV-Vis spectra were recorded on a Jasco V-770 UV-Vis
spectrometer. Dehydrated BaSO4 was used as the white standard and 75 mg of
catalyst were placed in the commercially available reaction cell (Praying Mantis High
Temperature Reaction Chamber, Harrick Scientific) equipped with transparent quartz
glass windows for each experiment. Operando spectra were measured after
dehydration in 12.5% Og2/He and further pre-treatment in 7.5% Hz/Ar and 12.5%
CO2/He at 550 °C for 1 h, respectively, to start from a partially oxidized state.
Afterwards, the catalyst was exposed to reactive conditions (12.5% CO02/12.5%
CsHs/He) for 1.5 h for time-dependent measurements and regenerated under oxidizing
conditions (12.5% CO2/He) at 550 °C for 1 h with a total flow rate of 40 mln/min for
each gas phase. The spectra were further analyzed by a least-squares fitting analysis
using Gaussian-Lorentzian (70/30) product functions. Product functions were used to
account for the large contribution of natural line broadening to the overall line-shape,
caused by the short life-time of the electronically excited states (Lorentzian), while also
accounting for the generally better convergence of the fit (Gaussian).3” The band gap

energies were determined using Tauc plots.38:3°

2.7. Diffuse Reflection Infrared Fourier Transform Spectroscopy

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was performed
using a Vertex 70 spectrometer (Bruker). A liquid nitrogen-cooled mercury cadmium
telluride (MCT) detector was used, operating at a resolution of 1 cm. Dehydrated
potassium bromide was employed as an infrared transparent sample for the

background spectrum. For each experiment, 75 mg of catalyst was placed in the
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commercially available reaction cell (Praying Mantis High Temperature Reaction
Chamber, Harrick Scientific) equipped with transparent KBr windows.

For quasi in-situ measurements the samples were treated in 12.5% O2/He, 7.5%
H2/Ar, 12.5% CO2/He, 12.5% CO2/12.5% CsHs/He, and finally regenerated in 12.5%
CO2/He for 1 h at 550 °C, respectively. For each gas phase the sample was cooled
rapidly to room temperature (200 °C/min) in pure helium in the Linkam reactor for the
measurement before heating it back to 550 °C for the next measurement.

Data processing consisted of background removal by subtracting a baseline
formed by 12 anchor points and removal of the spectrum recorded in 12.5% O2/He to
subtract the contributions from the pristine catalyst, targeting the surface species
formed by the additional gas treatments only. Finally, to quantify the adsorbate peaks
in the vanadyl and Ti-OH regions, the spectra were fitted using Lorentzian functions

employing the Levenberg-Marqguardt algorithm implemented in OriginLab 2022b.
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3. Results and Discussion
Reactivity Behavior and Analysis of the Reaction Network

To choose a temperature that is most ideal for the operando spectroscopic
investigation of the COgz-assisted ODH of propane over VOx/TiO2, a temperature-
dependent analysis of the catalytic activity was performed. Figure 1 summarizes the
catalytic performance between 45 and 550 °C, showing the propane conversions (left

panel) and selectivities to propylene (right panel).
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Figure 1: Reactivity behaviour of VO/TiO2 catalysts in COz-assisted propane ODH. Temperature-
dependent (a) conversion of propane and (b) selectivity towards propylene of the bare TiO2 P25 support,
the vanadia-loaded samples, and the empty Linkam reactor recorded in a feed of 12.5% CO2/12.5%
CsHs/He (total flow rate: 40 ml/min). The black line (left panel) highlights the temperature chosen for the

mechanistic analysis.

Figure 1a depicts the temperature-dependent conversion of propane, starting at 275
°C for the three samples with the highest vanadium loading and at 320 °C for the P25
and P25+0.1 V/nm? samples. The conversion then increases exponentially with the
increasing temperature up to 550 °C, where the catalysts reach propane conversions
between 2.35 % (bare P25) and 4.54 % (P25+2.5 V/nm?), showing an increase with
increasing vanadium loading. Importantly, the onset of propane conversion jumps from
P25 to P25+0.1 V/nm?2, indicating that the presence of vanadium greatly increases the
catalytic activity. The propane conversion of the empty Linkam reactor (0.31 %) is small
compared to that of the VOx/TiO2 catalysts. The homogeneous gas-phase reaction

occurring in the reactor does not lead to the formation of propane, but rather mostly
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C2H4, CH4, and CO, indicative of mostly cracking or total oxidation reactions.
Therefore, the ODH reaction is determined to be exclusively caused by the catalysts.
In general, the P25+2.5 V/nm2 sample is the most active, showing the earliest onset of
the reaction, and a significantly higher propane conversion than the other samples,
while the other three VOX/TiO2 samples, show a somewhat similar conversion
behaviour. The conversions are in the same order of magnitude compared those
obtained under similar conditions (vanadia loading, catalyst mass, temperature) in a
fixed bed reactor.?®> However, due to a lack of literature data, a direct comparison to
other titania catalysts is not possible. The selectivities remain at 100 % for
temperatures up to 410 °C, while at higher temperatures, the selectivity drops to an
absolute minimum of 91% for the P25+1.2 V/nm? sample at 550 °C, which compares
very favourably with other vanadia-based catalysts.?>-2>27 Therefore, a reaction
temperature of 550 °C was chosen for the mechanistic analysis.

To analyse the reaction network in more detail, the catalytic activity of the
samples was determined at 550 °C in 12.5% C0O2/12.5% CsHs/He, after dehydration at
550 °C in 12.5% O2/He for 1 h and pre-treatment in 7.5% H2/Ar and 12.5% COz2/He, to
establish a partially reduced initial state, that is more representative of the state at
which the catalyst will be operating during the reaction. Afterwards, the samples are
regenerated in 12.5% COz2/He. The molar product distributions for all gas phases of
the P25-based samples are given in the Sl (see Figure S1). The most important kinetic
results used to differentiate the different reactions occurring on the catalyst are given

in Figure 2.
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Figure 2: Analysis of the reaction network for bare P25 and vanadia-loaded samples during COo-

assisted propane ODH: (a) Loading-dependent initial conversions of CsHg and COz2, and CsHe selectivity,

(b)+(c) time-dependent conversions of CsHs and CO2, (d) time-dependent CsHs/CO ratio, (e) time-

dependent CzH4/H: ratio, and (f) time-dependent CO/Xco2 ratio. Between 0 and 2 h 12.5% O2/He,
between 2 and 4 h 7.5% H2/Ar, between 4 and 6 h 12.5% CO2/He, between 6 and 9 h 12.5% C02/12.5%
CsHs/He, and between 9 and 11 h 12.5% CO2/He were used as the gas feed.

Figure 2a depicts the loading-dependent initial conversions of CsHs and COz2, as well

as the initial CsHe selectivity for the bare P25 support and the VOx/TiO2 samples,
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obtained at 550 °C after pre-treatment in Oz, Hz, and CO2 for 1 h each (see
experimental section for details). Starting at 2.35% for P25, the CsHs conversion
increases with the vanadium loading up to 5.65% for P25+2.5 V/nm?, after showing a
distinct jump from P25 to P25+0.1 V/nm2 and from 0.5 to 1.2 V/nmz2. In contrast, the
COz2 conversion starts at 2.88% for P25 and then increases to a maximum of 4.25%
for P25+2.5 V/nm?, staying slightly above the CsHs conversions at all vanadium
loadings, except for the P25+2.5 V/nm? sample, indicative of side reactions, such as
PDR or cracking, as the dehydrogenation pathways would consume propane and CO2
at the same rate. In comparison to the propane conversion, the CO2 conversion
increases almost linear with the vanadium loading and exhibits no plateau between 0.1
and 0.5 V/nm2. Similar to the conversions, the initial selectivities towards propylene
jump from bare P25 to the P25+0.1 V/nm2 sample increasing from 82.2% for P25 to
92.9%. It then decreases again to 90% for the P25+2.5 V/nm2 sample. These
selectivities already include the PDR side reaction, which is discussed below.
However, the selectivities are high at >80% and do not fluctuate significantly.
Therefore, the presence of vanadium seems to mostly increase the rate of propylene
formation. Overall, the initial values of propane and CO:z conversions in combination
with the propylene selectivities are at a higher level than those of other VOx-based
catalyst systems,?3-2527 and even reach those of some of the supported CrOx
systems. 182140

Figures 2b and c depict the time-dependent conversions of CsHg and CO: for
the P25-based samples. As shown in Figure 2b, the propane conversion is significantly
higher at the beginning of the reaction, which is most pronounced for the samples
loaded with 1.2 and 2.5 V/nm2. The CsHs conversion decreases to a similar value of
around 2% for all samples after ~3h (P25: 1.75%, P25+2.5 V/Inm2: 2.4%), but still
follows the same trend of a conversion, which increases with the vanadium loading.
Thus, the decrease in propane conversion is most significant for the samples with the
highest loadings. In comparison, the CO2 conversion stays more constant during the
reaction, except for the P25+2.5 V/nm2 sample. This is a first indicator that catalyst
reoxidation with COz is rate-limiting, that is, the catalyst decreases its overall activity
due to an overall catalyst reduction. After the initial 30 minutes, the CO2 conversion is
similar to that of propane for all samples, except for the P25 sample, indicating the
occurrence of more side reactions on the bare support. However, since the propane

conversion gradually decreases further and the CO2 conversion stays more constant,
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the CO2 conversion is, at the end of the reaction phase, higher than that of propane.
This indicates a deactivation of the catalyst for the ODH reaction, with reoxidation being
the rate-limiting step.

For further analysis of the reaction network, the relative amount of different
reactions occurring on the catalyst surface and the importance of the ODH route was
studied. To this end, Figures 2d-f show the C3zHes/CO ratio, as an indicator for the extent
of dehydrogenation, the C2H4/CHa ratio, as an indicator for the amount of cracking, and
the CO/Xcoz ratio, as an indicator for PDR, respectively. The time-dependent molar
product distributions are given in Figure S1. Starting with the C3Hes/CO ratio, the values
decrease over time due to the decreasing propane conversion. The initial values are
lowest for bare P25 (0.61) and highest for P25+2.5 V/nm? (0.91), following an increase
with increasing vanadium loading. At the end of the reaction phase, values drop to 0.46
for P25 and 0.66 for P25+2.5 V/nmz2. Generally, more CO than propylene is produced.
Since the C3Hs to CO ratio should be 1 for the direct (ODH) and indirect (DDH+RWGS)
reaction routes, additional reactions are expected to occur. This is supported by the
observed CO: conversions, which are consistently higher than those of propane.
However, the ratio is, especially for the P25+2.5 V/nm2 sample, close to a value of one,
indicating a full dehydrogenation route over the catalyst, in good agreement with other
actively supported VOx systems,?4-26 which show side reactions in a similar range, but
the TiO2 system seems to be slightly more selective towards propylene.

To gain insight into the side reactions, Figure 2e depicts the C2H4 to CHas ratio,
which is indicative of propane cracking, leading to ethylene and methane. The ratio is
close to one with slightly more methane being produced, which is in agreement with
the expected product distribution of thermal propane cracking at this temperature.*! It
is important to note that the overall amount of ethylene and methane is comparably
small, especially when considering the fact that one methane and one ethylene
molecule are produced from one propane molecule. In fact, the amount of cracking is
determined to be <5% of the overall conversion for all samples, based on the molar
product distributions (see Figure S1). Furthermore, around ~50% of the detected
methane and ethylene (depending on the sample) is produced by the empty reactor,
further decreasing the relevance of propane cracking on the catalyst. While the C2Ha
to CHa ratio increases with propane conversion, the overall extent of cracking slightly
decreases, which is in good agreement with the ~2% cracking occurring on the catalyst

itself, while half of these products are formed by the reactor, which should have a
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constant product distribution. The slight increase in the C2H4 to CHa4 ratio towards the
end of the reaction phase is in good agreement with the less conversion via the ODH
reaction, which is exothermic in nature.*? As a result, the amount of reaction heat is
decreased and the temperature of the system is also slightly decreased (a few
degrees), which shifts the cracking products towards ethylene.** Overall, due to its
weak contribution, propane cracking is considered as less important for the overall
reaction network and the behavior of the catalyst.

Last, Figure 2f shows the ratio between the produced CO and the converted
CO2 (CO2 based CO selectivity), as an indicator for PDR. For bare P25, within the first
30 minutes, 70% more CO is produced than COz2 is converted, indicating a high degree
of PDR, which then decreases to a stable level of around ~25% more CO. While the
ODH/DDH+RWGS should create one CO molecule each, this always converts a CO:
molecule. Therefore, the excess CO must be produced from propane by PDR. This
behaviour might be indicative of highly reducible active sites for the PDR reaction that
are quickly consumed, leading to a stable level of CO production. In comparison, the
vanadia-loaded samples depict a CO2 based CO selectivity that is only slightly above
one (1.02-110), indicating a small contribution of PDR but to a much smaller degree
as for bare P25. A similar behaviour was previously observed for supported vanadia
systems and explained by the acid-base properties of the system, as the introduction
of vanadia as an acidic oxide increases the rate of C-H bond activation in comparison
to the more basic support, in this case TiO2, which activates the C=0 bond.?® In
principle, such a scenario is consistent with the results observed here for the VOx/TiO2
system. Considering the loading dependence the reactivity behaviour of the 0.1 and
0.5 V/Inm2 samples is characterized mainly by the ODH of propane, whereas the 1.2
and 2.5 V/nm2 samples show slightly higher ratios (~1.1) and also exhibit a much higher
ratio in the first 30 minutes, indicating structural and/or chemical changes on the
surface, which influences the PDR rate. The loading-dependent behaviour may be
caused by the different vanadia nuclearity distributions, which has been shown to vary
significantly for VOx/TiOz2 catalysts.?® For example, oligomers, present on the P25+2.5
V/nm2 sample, are more reducible and prone to less selective oxidation as compared
to monomers and dimers.?®

During the reaction, a significant amount of hydrogen is formed (see Figure S1),
which increases with the vanadium loading. To explain this behaviour, the following

two scenarios are conceivable: First, hydrogen formed by the direct dehydrogenation
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of propane, might not be fully converted to H20 in the RWGS, as titania is typically a
good RWGS reaction catalyst only in combination with a metal.*344 The second
scenario is based on the formation of carbon during the dry reforming process,
resulting in a conversion of propane to CO, methane, hydrogen, and carbon coking on
the catalyst surface.*® The plethora of different PDR reaction products can explain the
presence of free hydrogen and might also explain the higher amount of methane than
ethylene produced during cracking. In addition, the main product, CO, explains the
higher amount of detected CO than converted CO2 (see Figure 2f). The presence of
carbon on the catalyst during the reaction will be discussed in more detail in the
operando spectroscopy section. Due to the different possibilities for the hydrogens
origin, the H2/CO ratio to determine the amount of DDH vs ODH is not feasible in this
context.

Additionally, to compare the results of a bulk TiO2 to a different TiO2-based
support material, we exposed vanadia-loaded TiO2/SBA-15 (SBA15-T) samples
prepared by ALD to the same gas-treatments to investigate their catalytic behaviour.
The results are given in the Sl (see Figures S2 and S3). While the samples show less
conversion than the corresponding P25-based samples discussed above, the
difference between the vanadia-loaded sample and the bare support regarding CsHs
conversion is much less pronounced than for the P25-based samples. An important
feature of the ALD-based TiO2 material is that its propane conversion stays much more
stable than that of bulk TiO2, which shows a rapid decrease with time on stream. The
propane and CO2 conversions are very similar for both materials, while significantly
more CO than propylene is produced, which is supported by the CO2-based CO
selectivity, which reaches a maximum of 285% for the SBA15-T+1.2 V/nm2 sample,
indicating a strong contribution of PDR. Bare SBA15-T, on the other hand, rather
follows selective dehydrogenation pathways and is more directly comparable to the
bulk TiO2, while maintaining a stable CsHs and CO2 conversion.

In summary, the VOx/TiO2 systems show a good catalytic activity, with overall
selectivities above 90% for the vanadia-loaded samples. Typical side reactions like
PDR are of relevance on the bare support where significantly more CO is produced
than CO: is converted, indicating that some propane is consumed to form CO. When
vanadia is introduced, the PDR rates are reduced significantly, allowing for an almost
exclusive dehydrogenation of propane via either ODH or DDH+RWGS reaction

pathways. The presence of free Hz indicates the occurrence of some PDR that also
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produces CH4 and carbon on the catalyst surface, which will be subject to operando

spectroscopic analysis (see below).

Operando Spectroscopy

To gain insight into the reaction mechanism, multiple operando spectroscopies were
employed during the different gas feeds (compare experimental section). However,
since the propane conversion, especially on the vanadia-loaded samples, does not
stay constant and the measurements of different operando/quasi in situ methods occur
on different time scales, each method may probe a different state of the catalyst.
Therefore, multiple spectra of methods with short acquisition times (Vis-Raman: 30
min, UV-Vis: 5 min) were recorded, to obtain time-dependent insight into the catalyst
behaviour, while methods requiring longer acquisition times (UV-Raman: 120 min)
were applied in a more integral manner. To further clarify this point Figure S4 gives an
temporal overview of the time of measurement of operando UV-Raman, Vis-Raman,
and UV-Vis spectra in comparison to the molar product distributions for P25 and
P25+1.2 VInmz2.

Starting with UV-Raman spectroscopy, Figure 3 shows spectra of bare P25 and
P25+1.2 V/Inm2 recorded at 385 nm excitation, as well as the results of a quantitative
analysis of the observed spectral changes. The UV-Raman spectra for the other
vanadia-loaded P25 samples and the ALD-based samples are given in the Sl (see
Figures S5 and S6).
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Figure 3: Operando UV-Raman spectra at 385 nm excitation of (a) P25 and (b) 1.2 V/nm2 recorded at
550 °C in different gas feeds (see experimental section). Spectra were normalized to the Eq phonon of
anatase at 630 cm. The signal marked with an asterisk is caused by the CaF2 spectroscopic window.
The anatase phonon intensity (c) and the amount of amorphous carbon detected during reaction

conditions (d) were quantified and compared to the PDR rate.

Figure 3a shows the UV-Raman spectra of bare P25 at 550 °C for different gas feeds.
During the three pre-treatment gas feeds, that is O2/He, H2/Ar, and CO2/He, the most
significant spectral changes are detected for the Big and Aig phonons of anatase at
398 and 517 cm, respectively,*® which decrease in intensity in the hydrogen phase
and stay constant afterwards. When propane is introduced, a significant amount of
carbon appears on the catalyst surface, which cannot be fully removed in the 2 h
regenerative COz2 treatment after the reaction, indicating a slow oxidation of carbon by
COz2. The P25+1.2 V/nm2 sample shows a more pronounced decrease in its anatase
phonon intensity, especially the Aig phonon. Additionally, the formation of carbon is

observed during reaction conditions, which however is fully regenerated by the CO:
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phase after reaction. The overall amount of deposited carbon during the reaction is
smaller than for bare titania, indicating a higher rate of oxidation, which correlates with
the increased conversion. The P25 samples loaded with 0.1, 0.5, and 2.5 V/nm? (see
Figure S5) show similar structural dynamics to different extents, which is quantified in
Figures 3c and d. Notably, no vanadia signals are observed in the UV-Raman spectra,
indicating that the high temperature and absorbance of titania inhibits their detection.

The phonon band at 517 cm™ was used as an indicator for the surface reduction
of the samples. Its selective decrease at 517 cm™ was observed previously observed
and is caused by two factors.*"48 The first factor is the integration of vanadia into the
titania lattice as detected during the phase transition from anatase to rutile introducing
a doped metal atome that distorts the lattice of titania.*® The second is, the unilateral
disturbance in the local order of the lattice, resulting from a reduction of the lattice with
an oxygen gradient towards the surface.”® However, no phonons of rutile were
observed since their intensity is smaller than those of anatase and the temperature at
which the experiments were performed leads to a lower signal to noise ratio.*®
Furthermore, due to the different absorption behavior, anatase absorbs stronger in the
UV region, which leads to different resonance enhancements for anatase and rutile.
Due to the strong absorption of titania at 385 nm, a quantification of the anatase phase
is only possible at the catalyst surface, while the subsurface and bulk will be discussed
later.%-52 The phonon intensity of all samples decreases significantly upon reduction
of the material via reaction of lattice oxygen with hydrogen to water, which is released
from the catalyst surface into the gas phase. The surface of bare P25 is least reduced,
while the samples with loading densities of 0.1 and 0.5 V/nm? become much more
reduced, leading to an almost complete disappearance of the anatase phonon at 517
cmL. With increasing vanadium loading, the degree of reduction decreases again. This
indicates that vanadia increases the surface reduction at low loadings while increasing
the conversion, whereas at higher loadings the reduction might shift from the titania to
the vanadia species present at that loading, thus reducing the titania surface to a
smaller extent.

Figure 3d shows the integrated carbon signal during reaction as a function of
vanadium loading and its comparison with the observed PDR rate (percentage of CO
formed from CsHs), indicating that the carbon formation is not necessarily a function of
the oxygen mobility in the sample but rather of the PDR activity, which is high in P25,

decreases at low vanadia loadings, and increases again at higher loadings. However,
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a combination of both mechanisms seems most likely, as the samples loaded with 0.1
and 0.5 V/nm2 show no PDR and still form a significant amount of carbon on the
surface. Therefore, the reduction of the catalyst might lead to an increased amount of
carbon in addition to a high level of PDR. The vanadia-loaded samples show less
carbon deposition, which can only be explained by a higher rate of surface reduction,
while the subsurface/bulk might be less reduced due to increased surface regeneratio
using COg, facilitated by vanadia.

Notably, for the P25+2.5 V/Inm2 sample (see Figure S5), the V-O-V and V=0
peaks are visible during the initial oxidative phase, but disappear for the other gas
feeds, only regenerating slightly at 920 cm-* for the regenerative CO2 phase, indicating
V-0O-V participation.>® The peak at 860 cm™, representing the V-O-Ti signal is also
present (as for the P25+1.2 V/nm2 sample), but does not change upon switching
between the different gas feeds.>* Therefore, the results indicate that similar vanadia
species as during the propane ODH using Oz are participating in the reaction.?® A
detailed analysis of the vanadyl region will be performed on the basis of DRIFTS data
(see below).

The UV-Raman spectra of the ALD-based samples (see Figure S6) also shows
carbon formation on the surface but no structural changes of the titania phonons. The
vanadyl peak is clearly visible for the SBA15-T+1.2 V/nm2 sample during initial
oxidative conditions, as well as under CO2 exposure, indicating vanadyl reduction and
reoxidation.

To further understand the reduction of titania, the anatase Eg shift was
determined from Vis-Raman spectra (see Figures S7 and S8) as an indicator of titania
subsurface reduction.>%¢ The results are shown in Figure 4. The Vis-Raman spectra

of the ALD-based samples are given in Figure S9.
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Figure 4. Position of the anatase Eq phonon determined from operando Vis-Raman spectra (at 514 nm
excitation) recorded during exposure to 12.5% O2/He, 7.5% H2/Ar, 12.5% CO2/He, 12.5% CO02/12.5%
CsHs, and 12.5% CO2/He. The spectra are given in the Sl (see Figures S7 and S8).

The Eg position of bare P25 strongly red-shifts when switching from the 12.5%
O2/He to the 7.5% Hz/Ar feeds, only red-shifting slightly further in the following CO2-
containing feeds, while it blue-shifts again in the last regenerative 12.5% CO2/He
phase. In comparison, the P25+0.1 V/nm? sample red-shifts less in its intensity in the
first three pre-treatment phases, but red-shifts even stronger under reaction conditions,
indicating strong sub-surface reduction of titania. It is then regenerated more
significantly than for bare P25 in the last CO2/He phase, indicating a stronger activation
of CO2 on the vanadia-loaded catalyst, which is likely caused by the short vanadia
species present on the sample.?® At vanadia loadings higher than 0.1 V/nm2, no shift
of the Eq position is observed. In agreement with the UV-Raman results, the P25 and
0.1 V/Inm2 sample show a similar behavior, pointing to a reduction of the surface and
subsurface, while the P25+0.5 V/nm? sample shows the strongest surface reduction,
but exhibits no subsurface reduction. For the 1.2 and 2.5 V/nm2 samples no subsurface
reduction is detected, while the surface reduction is less pronounced than that for the
0.5 V/Inm2 sample. This indicates that part of the redox cycle shifts from titania to

surface-located vanadia and/or that CO2 is much more easily activated over the
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VOX/TiO2 samples, which increases the rate of regeneration of titania by gas phase
COg2, necessitating less oxygen diffusion within the support.

To obtain a more integral picture of the titania reduction, as well as potential
phase-transformation of titania to the rutile phase, which is difficult to observe in the
Raman spectra, quasi in situ XRD of P25 and the 1.2 V/nm2 sample were recorded

(see Figure 5).

(a) P25 —12.5% O,/He (b) 1.2 Vinm? — 12.5% O /He
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Figure 5: Quasi in-situ XRD patterns for (a) P25 and vanadia-loaded P25 with a loading density of (b)
1.2 V/Inm? between 20 and 80° 26 recorded after treatment in 12.5% O2/He and the gas sequence up to
12.5% CO02/12.5% CsHs/He at 550 °C, followed by rapid cooling to room temperature in He. The
diffraction patterns were normalized and the inset shows selected regions in an enlarged view to
highlight the relative intensity changes, where the detected reflexes are assigned to the anatase and

rutile phases of TiO-.

Figure 5a shows the quasi in situ XRD patterns of bare P25 recorded after pre-
treatments in 12.5% O2/He, and the gas sequence up to 12.5% C02/12.5% CsHs/He
at 550 °C, followed by rapid cooling and inert transfer into the XRD sample holder. It
can be seen that the amount of rutile in bare P25 stays unchanged, while the amount
of anatase significantly decreases, which is in agreement with the Raman spectra and
which indicates that bare titania reduces down to the bulk to regenerate the surface for
the reaction.>” This continuously reduces the titania to a point where the reaction slows
down due to a depletion of available surface oxygen sites, which is reflected in the

decreasing propane conversion (see Figure 2).
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In comparison, Figure 5b shows the quasi in situ XRD patterns of the 1.2 V/nm?2
sample after the same pre-treatments as for bare P25. It shows a small decrease in
the anatase intensity, while the rutile intensity simultaneously increases. This indicates
that anatase is not reduced as in case of bare titania, but instead a phase transition
towards a higher rutile content occurs. This was not observed during Raman
spectroscopy, due to the small rutile intensity. This phase transition to rutile likely
occurs since rutile activates CO2 more easily than the anatase phase, as shown
previously, to omit the bulk reduction and facilitate catalyst reoxidation.®8>° This is
catalyzed by the presence of vanadia, which can also be encapsulated in the titania
during that transformation when it is present as V4*, which is likely during the strongly
reducing reaction conditions at 550 °C.*° The fact that P25 does not show an increase
in rutile during reaction might be caused by the lack of surface vanadia species
catalysing this transformation. The transformation in the presence of V4* species also
correlates well with the increased conversions and the less pronounced reduction of
titania, as rutile might regenerate the catalyst more quickly due to its easier CO>
activation in addition to the surface vanadia species which might be able to participate
in the redox cycle, increasing the overall amount of surface oxygen sites present for
the reaction. On the other hand, the increased presence of rutile might also be
responsible for the higher contribution of PDR occurring at higher loadings, which will
be discussed in more detail in the DRIFTS section.

To obtain an integral picture of the reduction of all samples, including the
reduction of vanadia, operando UV-Vis spectra were recorded and the structural
changes observed were quantified. To gain insight into the temporal evolution of the
catalysts, three spectra were recorded during the reaction and during the last
regenerative phase. The results for P25 and the 1.2 V/nm2 sample are depicted in
Figure 6, whereas the UV-Vis spectra of the remaining samples are given in Figure
S10 and those of the ALD-based samples are given in Figure S11.
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Figure 6: Operando UV-Vis spectra between 375 and 800 nm for (a) P25 and vanadia-loaded P25 with
a loading density of (b) 1.2 V/nm2 recorded at 550 °C in different gas feeds (see experimental section).
Based on the UV-Vis spectra, the band gap energy shift (c) and the absorption at 700 nm (indicative of
the degree of reduction) (d) were quantified. The spectra of the other P25-based samples are given in
the Sl (see Figure S10).

Figure 6a shows the operando UV-Vis spectra of bare P25. Two spectral changes can
be observed, a shift in the band gap energy and an increase in the absorption between
500 and 800 nm. The red-shift in the band gap energy is associated with the reduction
of titania and the subsequent creation of states within the band gap, lowering its
energy,®® while the increase in absorption between 500 and 800 nm originates from
charge transfer between reduced and oxidized states of titania (Ti%* to Ti**).6162 The
observed red-shift in the band gap and the absorption increase between 500-800 nm
correlate well with the reducibility of the corresponding gas phase. In comparison, the
1.2 V/Inm2 sample, shows the same kind of spectral changes, but with the vanadia
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causing an additional contribution in the region between 500 and 800 nm, due to the
possibility of vanadia d-d transitions.53

Figures 6¢ and 6d summarize the results of the quantifications of the band gap
shifts and the absorption increase between 500 and 800 nm for all samples. Starting
with the band gap energies for the P25 sample a continuous red-shift of the band gap
energy between 30 and 90 minutes is observed, with a shift of 0.4 eV in total, indicating
a strong reduction of titania that cannot be explained by a phase transition that
increases the amount of rutile, as bare P25 only reduces the anatase phase (see
Figure 5). In comparison, the samples loaded with 0.1 and 0.5 V/nm2 show almost no
red-shift during the first 60 minutes, which however significantly increases after 90
minutes, indicating the much slower reduction of titania, in good agreement with the
results from UV- and Vis-Raman spectroscopy. The phase transition from anatase to
rutile, catalyzed by V#*, might red-shift the band gap energy, as rutile has a lower band
gap energy than anatase.%*%° This seems to be especially true for the 0.5, 1.2, and 2.5
V/nm2 samples, showing a significant shift in their band gap energy, despite their lack
of subsurface reduction, which is likely caused by the larger transformation of anatase
to rutile, as more vanadia is present on the catalyst to catgalyze the transformation.

The above findings are confirmed by the quantification of the absorption
between 500 and 800 nm (see Figure 6d). During reaction conditions, P25 shows a
continuously increasing absorption indicative of titania reduction due to Ti¥*->Ti**
transitions, in agreement with the band gap energy shift and previous results. The
introduction of small amounts of vanadium (0.1 V/nm?) leads to a smaller increase in
absorption, that indicates significantly less titania reduction, particularly when
considering the contribution of vanadia d-d transitions. This behavior is in agreement
with the band gap energy shift and shows that this sample is not as strongly reduced
as bare titania, as a result of increased regeneration via COz2. At higher loadings (0.5
and 1.2 V/nm?) the absorption behavior resembles that of bare P25, likely caused by
the increased amount of vanadia participating in d-d transitions. The latter contribution
further increases for the 2.5 V/nm2 sample. Overall, the intensity of d-d transitions
correlates well with the observed conversions, indicating the participation of vanadia
in the reaction mechanism.

To obtain a more detailed understanding of surface adsorbates and the
contribution of different vanadia species, quasi in situ DRIFTS was performed,

following the procedure as in case of the XRD measurements (see Figure 5). Figure
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7a depicts the DRIFT spectra of P25+1.2 V/nmZ, while Figure 7b shows the difference
spectra for all five samples. Figures 7c and d summarize the quantification results of
the V=0 and Ti-OH regions, respectively. The DRIFT spectra of the remaining P25-
based samples and the ALD-based samples are given in the Si (see Figures S12 and
S13).
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Figure 7: (a) Quasi in-situ DRIFT spectra of the 1.2 V/nm2 sample recorded after treatment in different
gas feeds (see experimental section) at 550 °C and subsequent rapid cooling to room temperature in
He. The spectra were normalized and offset for clarity. (b) Difference between the spectra recorded in
12.5% CO02/12.5% CsHs/He and 12.5% CO2/He for P25 and vanadia-loaded samples. The insets
highlight the intensity changes in the V=0 region (0.5, 1.2, and 2.5 V/nm?2) and in the Ti-OH region (all
samples). The horizontal dashed line indicates no change in intensity. Loading-dependent quantification
of (c) the intensities of different nuclearities in the V=0 region and (d) the different contributions to the
Ti-OH region. The quasi in-situ DRIFT spectra of the other P25-based samples are given in the Sl (see
Figure S12).
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As shown in Figure 7a, in the DRIFT spectra of the 1.2 V/nm2 sample differences in
the V=0 and Ti-OH region can be recognized, that are clearly visible in the difference
spectra between oxidative (12.5% O2/He) and reactive (12.5% C02/12.5% CsHs/He)
conditions (see Figure 7b). Here, in agreement with the previous spectroscopic data
on the TiO2 reducibility, the P25 and P25+0.1 V/nm2 samples show a strong intensity
decrease in the feature at ~925 cm™, originating from the Ti-O vibration of Ti-OH
species, which indicates strong surface reduction compared to oxidative conditions.
The samples with higher vanadia loadings do not show these differences, but rather a
pronounced decrease in the vanadyl region (see left inset). In the carbonate region
almost no changes are observed, indicative of the absence of surface adsorbates
(based on DRIFTS), while different Ti-OH species participate in the reaction for all
samples (see right inset). The intensity changes in the vanadyl and Ti-OH region are
summarized in Figure 7c and d, respectively.

Starting with the vanadyl contributions in Figure 7c, the 0.1 V/nm2 sample shows
only one highly symmetric contribution that was previously attributed to a monomeric
species.?® For the samples loaded with 0.5 and 1.2 V/nm2, an asymmetric vanadyl
feature with an additional contribution at higher wavenumbers is observed, which was
previously assigned to dimeric species.?®6-68 For the P25+2.5 V/nm2 sample,
additional peaks at higher wavenumbers are observed that can be attributed to trimeric
and oligomeric species, which is in agreement with the increased vanadia d-d
absorption (see Figure 6).2866-68 The contribution of monomers drops with increasing
vanadium loading in favor of a significantly increased contribution of dimers, while all
species show an increased contribution for the highest loading. As the quantification is
performed on the basis of difference spectra, it is assumed that all of these species
are either reduced or participating in the reaction mechanism leading to the ODH or
PDR reaction. The participation of monomeric vanadia can be observed both in the
increase in CO2 and propane conversion (see Figure 2). Furthermore, it reduces the
deep reduction of titania (see Figure 6) compared to P25, while still being heavily
reduced to the low amount of VOx. In comparison, no deep reduction of titania is
observed for the 0.5 V/nm2 sample, higher vanadium loading. However, at even higher
loadings, an increasing amount of dimeric and oligomeric species is present on the
catalyst surface. For these loadings, the PDR rate increases again, which seems to

indicate that dimeric and oligomeric species are more active in the PDR rate, even
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though the reduction of titania is even further reduced. For the 2.5 V/nm2 sample, this
is likely caused by the presence of highly reducible linear V-O-V bonds of oligomeric
vanadia,?®67:68 that may be prone to the PDR reaction but also further increase the
amount of converted propane and CO2 compared to the 1.2 V/nm? sample, despite the
similar PDR rate. These highly reducible vanadia bonds might also be responsible for
the initial jumps in the CO2 and C3Hs conversions as well as the PDR rate (see Figure
2), which in the course of the reaction decrease towards a lower level, indicating that
these bonds might not be regenerated after the initial reaction. In total, the sum of
monomeric and dimeric species correlates well with the observed increase in
conversion (see Figure 2), indicating their participation in propane conversion.

Figure 7d summarizes the loading-dependent quantification of the Ti-OH related
intensity changes. Bare P25 and the P25+0.1 V/nm2 sample show a strong decrease
in the intensity of all Ti-OH signals present, as the surface of the catalyst is heavily
reduced and most Ti-OH bonds are consumed during reactive conditions. This is
emphasized by the DRIFT spectra for the reactive and last regenerative gas phase
(see Figure S12). Therefore, the decrease in Ti-OH species for these samples is not
related to the reaction mechanism, but rather to catalyst deactivation. In comparison,
the samples with higher vanadium loadings show an increase in the intensity of Ti-OH
species located at 3690 and 3720 cm!, which are assigned to bridged and isolated Ti-
OH species, respectively.®®-"2 Bridged Ti-OH species have previously been associated
with hydrogen storage during ODH reaction, thus acting as observer species, while
isolated Ti-OH species were reported to be actively involved in the hydrogen transfer
from propane to the catalyst.?2 Notably, no intensity change at the position associated
with V-OH species is detected, indicating either a very fast or no involvement in the
reaction mechanism. The intensity changes of both Ti-OH correlate with the conversion
for the 0.5 and 1.2 V/nm2 samples. However, for the 2.5 V/nm2 sample, only smaller
changes are observed, which might be explained by the presence of different vanadia
nuclearities, that is oligomers, changing the reaction mechanism and increasing the
PDR rate.

Finally, to further elucidate the main route of deactivation for the catalysts, a
long-term catalytic experiment during reaction conditions with different CO:2
concentrations was performed (see Figure 8). This was motivated by the fact that the
samples with higher vanadium loadings, which are not being as heavily reduced as

bare P25, still show a decrease in propane conversion while staying constant in their
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CO2 consumption, indicating that they might be reduced very slowly. For these
experiments, the 0.5 V/nm? sample was chosen, as it shows less reduction than the
lower loadings without the PDR influence of the higher loadings. The results are
normalized to the initial propane conversion to emphasize the decrease observed over

time (see Figure 8).
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Figure 8: Long-term analysis of the propane conversion of the 0.5 V/nm2 sample with CO2/CsHsg gas-
phase ratios of 1.1 (blue) and 2:1 (red) at 550 °C. The initial conversions were normalized for better

comparability.

For a 1:1 ratio of CO2/C3Hs, the conversion ratio stays constant for the first 3 h before
decreasing continuously to 10% of the initial conversion. In contrast, when increeasing
the CO2/C3Hs ratio to 2:1, the conversion stays constant over the full duration of the
run (48 h). This behavior indicates that, first, catalyst deactivation also occurs for the
higher loadings but at a lower rate, which is outside the range of our spectroscopic
experiments, and second, that an increase in CO2 conversion can stop the catalyst
deactivation. Three main deactivation routes were observed in our spectroscopic
experiments, that is, carbon deposition on the surface, deep reduction of the catalyst,
and V4" integration into titania. The first two might be impeded by the increased amount
of CO2 due to either an increased rate of regeneration or increased reaction of
deposited carbon with CO2 towards CO. The integration of vanadia into titania seems
to be an important path, at least for the 1.2 and 2.5 V/nm2 samples, since the decrease
in propane conversion accelerates towards these loadings and might be caused by

CO:2 being unable to reoxidize V** states, which can then only migrate into the titania
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lattice.?” However, the conversion behavior might also be caused by the reduction of
different vanadia speices as discussed above (see Figure 7). In addition, bare titania
and the samples loaded with 0.1 and 0.5 V/nm? also show a decrease in propane
conversion where the most likely deactivation mechanism occurs to be the deep
reduction of the catalyst, since the ALD-based samples show no dynamics in the titania
phonons or their band gap (see Figures S6, S9, and S11) and had a constant
conversion during the catalytic test. However, these samples show significant amounts
of carbon during reaction conditions (see Figure S6), which may indicate that carbon
deposition is a less important deactivation mechanism. In addition, due to the different
titania structure, titania does not seem to transform from anatase to rutile and to
incorporate vanadia, as vanadyl dynamics can be observed for these samples (see
Figure S6). Overall, the deactivation due to deep reduction seems to be the main
deactivation route for the studied VOx/TiOz catalysts, which can be impeded by an

increase in the gas concentration of CO2 leading to an increased rate of regeneration.

Mechanistic Discussion

The reaction mechanism of the COz-assisted propane ODH over VOx/TiO2 can be
categorized according to the vanadium loading, that is, behavior at (near)zero loading
(0 and 0.1 V/nm?), at medium loadings (0.5 and 1.2 V/nm?), and at high loading (2.5
V/nm2). As first step, hydrogen transfer is proposed to precede from propane to the
titania surface for all samples (see Figure 7), followed byformation of water and an
oxygen vacancy in the titania lattice. This is regenerated by oxygen diffusion from the
subsurface/bulk for the bare P25 and 0.1 V/nm? samples, leading to a deep reduction
of the catalyst, which especially favors the PDR reaction as already observed for the
bare support of the VOx/In203 system. No adsorbed intermediates are observed for
any of the samples, indicating that the reaction occurs with a very high selectivity
towards propylene. The deep reduction of titania seems to be the main deactivation
mechanism due to a reduced rate of regeneration (see Figure 8). Since there is no
selectivity difference between the samples expect for the observed PDR rate, only the
identified structures responsible for the ODH rate are discussed.

The vanadia-loaded samples are proposed to undergo a similar hydrogen
transfer but are heavily reduced themselves (see Figures 3, 6, and 7), indicating their

participation in the reaction mechanism by delivering oxygen to drive the reaction. In
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addition, the rate of surface reoxidation by gas-phase activation of COz2 is significantly
increased due to the presence of vanadia, which is confirmed by the increased CO2
conversion with increasing vanadium loading, despite the reduced PDR rate (see
Figure 2). This is further supported by the conversion behavior, which increases
linearly with the vanadium loading, emphasizing its importance for the conversion. The
presence of vanadia may facilitate the CO:2 activation in two ways: First, the reduced
vanadyl peak can activate CO: itself, regenerating the catalyst, and second, vanadia
reduced to oxidation state V4*, can catalyze the transformation of anatase into rutile
(see Figure 5), which is much more active towards CO2 and might thereby regenerate
titania much faster. This is emphasized by the point that the titania reduction decreases
with increasing vanadium loading. In fact, for the 2.5 V/nm2 sample, even the surface
of the catalyst is barely reduced. The integration of V#* into the lattice is further
supported by the fact, that for the samples with a notable formation of rutile during
reaction conditions, no vanadia-related signals are observed (see Figure 3), while for
the ALD-based samples, the structural dynamics of the vanadyl peak is clearly visible
but no dynamics in the titania lattice due to the highly amorphous nature of the film, is
observed.

Regarding the nuclearity dependence of the reactivity behavior, the increase in
conversion correlates well with the sum of monomeric and dimeric vanadia species
(see Figure 7), as previously observed for the reaction with O2, indicating its
importance as the oxygen site for the reaction. Therefore, a transfer of hydrogen from
the titania lattice to vanadia is likely, followed by its integration into the lattice or a fast
reduction to water due to the elevated temperatures. This is indicated by the clear
reduction of vanadia (see Figures 6 and 7) while no V-OH species are present (see
Figure 7d). The higher nuclearities, especially the linear V-O-V bonds of oligomeric
vanadia species seem to favor the PDR significantly and react quickly at the beginning
of the reaction (see Figures 2 and 7). The sample with 0.5 V/nm2 shows almost no
PDR, while showing a selectivity of close to 100% with a very small contribution from
cracking. This sample contains no vanadia species with higher nuclearity and is not
deeply reduced, with the ability to form rutile during the reaction. These properties

seem to be most important for pushing the selectivity towards the ODH reaction.
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4. Conclusion

In this study, we addressed the COz-assisted ODH of propane over VOx/TiOz2 catalysts
and elucidated important structural features relevant to the catalytic performance and
the catalyst deactivation, by using multiple operando and quasi in situ methods. To
unravel the role of the catalyst properties, we varied the vanadium loadings (0-2.5
V/nm?2) and used two different types of titania support material, that is bulk P25 and
ALD-prepared thin film titania on silica.

The catalytic performance of the catalysts depends strongly on the vanadium
loading. Bare P25 shows a lower conversion, with a contribution of significant amounts
of PDR. With increasing in vanadium loading, there is an increase in the conversion of
propane and COg, but over time, the propane conversion decreases, while the CO2
conversion stays constant. The PDR rate decreases to zero for the 0.1 and 0.5 V/nm?
samples, but increases again for the samples loaded with 1.2 and 2.5 V/nm2, while
staying significantly lower than that of bare P25. Besides dehydrogenation and PDR,
no significant side reactions were observed, except for some cracking, which is mostly
caused by the reactor.

As a result of the mechanistic analysis, three main reaction paths were
identified. Titania lattice oxygen is an important oxygen site for the reaction, which is
heavily reduced in bare P25 during reaction conditions, leading to a deep reduction of
titania. As a result, the catalyst gradually deactivates, leading to a significant increase
in PDR as the main side reaction. The introduction of vanadia leads to a better
activation of CO2, enabling faster catalyst regeneration, which may occur via two
routes. First, hydrogen can be transferred from the titania lattice to vanadia, where it
forms water and reduces the vanadia species, leaving an oxygen vacancy. Since
vanadium activates CO: better than titania, it can be regenerated more easily by gas
phase CO2, which impedes titania deep reduction and increases the overall reaction
rate, while also decreasing the PDR route. Second, one hydrogen can be abstracted
from titania to vanadia, reducing it to V4*, which can then catalyze the anatase to rutile
transformation, whereby the vanadium is integrated into the titania bulk. The higher
activation rate of CO2 over rutile compared to anatase enables the titania to be less
reduced and to achieve a higher oxidation rate.

The nuclearity-dependence of the reaction shows that both monomeric and
dimeric species increase the reaction rate and decrease the PDR route, while being

actively reduced. However, higher nuclearities (e.g. oligomers in the sample loaded
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with 2.5 V/nm?2) exhibit highly reducible oxygen atoms, that increase the contribution of
the PDR route. Therefore, a selectivity maximum for the ODH route and therefore for
propylene is achieved at a medium vanadium loading between 0.1 and 1.2 V/nm?2,
where almost 100 % propylene selectivity is achieved.

The main deactivation route is the catalysts deep reduction, which depletes the
active oxygen sites, leading to a continuous decrease in propane conversion, while the
COz2 conversion stays constant. Further deactivation mechanisms include the depletion
of vanadia surface species, as they become integrated into the newly formed rutile
phase as well as the formation of carbon. However, the ALD-based samples exhibit
strong carbon deposition, while no strong titania lattice reduction is observed and the
conversion stays constant, indicating carbon deposition to be of lower importance. The
deactivation of the catalyst can be avoided by increasing the CO:2 gas phase
concentration.

Our results highlight the potential of combining multiple operando and quasi in
situ approaches to investigate the reaction mechanism of CO:z activation during
propane ODH, which is a highly relevant reaction with the potential of technical
application. The VO«/TiOz catalysts showed a highly promising performance that is
more selective than that of most other oxide-based systems and comparable to CrOx
catalysts. For the first time, the reaction mechanism including the complex interplay
between surface vanadia and multi-phase TiO2 was elucidated. With this knowledge
the catalyst performance can be improved. Our approach is readily transferable to
other systems that are still missing from the literature, e.g. VOx/CeOz, to understand
the important support contribution to the performance of vanadia-based catalysts in

CO:2 activation.
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