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Unraveling the mechanism of the CO,-assisted
oxidative dehydrogenation of propane over VO,/
CeO,: an operando spectroscopic study

Leon Schumacher, Marius Funke and Christian Hess (2 *

The CO,-assisted oxidative dehydrogenation (ODH) of propane is of great interest for the usage of CO; in
chemical industry. Vanadia-based catalysts are a promising material class, which can replace highly toxic
CrO,, the current state-of-the-art catalyst. Ceria is a commonly used support material in CO, activation
but has not yet been used as a vanadia support for CO,-assisted propane ODH. In this study, we address
the interplay between vanadia and ceria as well as the nuclearity-dependent reaction behavior of VO,/
CeO, catalysts using XRD, multi-wavelength Raman, UV-Vis, and diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS). While the vanadia loading increases the selectivity, the catalysts exhibit
a significant amount of side reactions, including most prominently the total oxidation over bare ceria on
surface oxygen sites due to their high reducibility and propane dry reforming (PDR) over catalysts with
high vanadia loading. Mechanistic analysis reveals that dimers can transfer hydrogen from propane to the
ceria lattice, forming Ce—H or to a monodentate carbonate, facilitating the reverse water—gas shift
reaction (RWGSR), whereas a transfer to bridged Ce—OH surface species leads to total oxidation due to
the high reactivity of the formed surface species. Oligomers facilitate PDR due to their high reducibility
and the active oxygen site shifts from ceria to vanadia. The catalyst can be regenerated via carbonates,
which are highly stable and can subsequently deactivate the catalyst surface. Our results highlight the
benefit of applying multiple operando spectroscopies to enhance the mechanistic understanding of
materials relevant for CO, activation and further the knowledge-based optimization of catalytic
performance.

The CO,-assisted oxidative dehydrogenation (ODH) of propane is of great technical importance and enables the use of CO, in a value-adding process. Supported
vanadium oxide (VO,) catalysts are a promising alternative to more active but toxic chromium oxide catalysts. Ceria is a of great interest in oxidation catalysis

showing synergistic effects with VO, and we have therefore used it as a support material for VO, in the CO,-ODH of propane. In this study, we disentangle the
complex network, and elucidate the mechanism and deactivation behavior for this reaction, based on a multiple in situ/operando approach (DRIFTS, multi-

wavelength Raman, UV-Vis, XRD). This combination allows to unravel the vanadia-ceria interaction essential for CO, activation, as well as the nuclearity-
dependent reactivity behavior of the supported VO, species. Because of the great significance of vanadia/ceria systems for both future and existing oxidation

catalysts, the environmental perspective of using CO, as soft-oxidant, as well as the general applicability of our in situ/operando spectroscopic approach for
mechanistic analysis, we believe our results to be of immediate importance to a broad readership.

1. Introduction

industry demand, resulting in the ‘propylene gap’.** Therefore,
additional methods to produce propylene are required, of which

Propylene is an important basis chemical that is used e.g. in the
fabrication of polypropylene.>* Different propylene production
methods such as steam cracking, fluid catalytic cracking etc. are
employed, which are however not sufficient to satisfy the high
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propane ODH is of great interest, as the introduction of oxygen
into the gas feed leads to lower reaction temperatures and less
catalyst leaching and the exothermicity of the reaction allows
for heat integration of the process. However, to stop the reaction
at the selective oxidation product, preventing its overoxidation
to CO,, is challenging."** One approach to solve this issue is to
use CO, as a soft oxidant instead of O,, which increases the
selectivity towards propylene. Additional benefits include
a more homogeneous thermal distribution in the reactor due to
the high heat capacity of CO,, a lower flammability, less catalyst
deactivation by carbon formation due to coal gasification, and
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the valorization of CO, as an unwanted green-house gas.*” The
latter is especially important in the industrial context to miti-
gate the influence of CO, on global climate change.** However,
due to the high thermodynamic stability of CO,, a suitable
catalyst is required to make the reaction viable.""**

The current state of the art catalyst used for the CO,-assisted
ODH of propane is supported CrO, due to its high activity.”***”
In this catalyst, chromium was described to change its oxida-
tion state under reactions conditions, that is, Cr®" species are
reduced to Cr?"?*, which are then involved in non-oxidative
pathways towards propylene, namely direct dehydrogenation
(DDH) followed by subsequent RWGSR. Alternatively, the direct
ODH pathway can occur. However, due to the high toxicity and
potential damage to the environment when using chromium,
its replacement with other active catalytic phases is highly
desirable.” To that end, vanadia has been of interest due to its
established commercial uses in oxidation reactions and high
catalytic activity in propane ODH using O, as the oxidizing
agent.'*** However, the activity of vanadia strongly depends on
its support, which can be categorized as inactive or active.>>*?*¢
Inactive supports are not actively participating in the reaction
and include SiO, (ref. 20 and 23) or Al,0s," while active
supports can actively participate in the reaction by e.g
supplying lattice oxygen and include CeO,, TiO, (ref. 24) or
In,03."** Recently, the use of TiO, as vanadia support during
CO,-assisted propane ODH was studied and showed promising
activities that were even comparable to those of CrO,.*
However, the use of ceria as a support, which is commonly used
in reactions that require the activation of CO,, has not yet been
reported to the literature despite its high potential.

Ceria is an established material for the conversion of C;
substrates, including CO oxidation,” CO, hydrogenation to
methanol*® and RWGSR.* So far, its potential for CO,-assisted
propane ODH is undisputed. Ceria in combination with vanadia
has been used for ODH reactions using O, as the oxidizing
agent, including alcohol ODH (methanol and ethanol),**** and
short alkane ODH (ethane, propane, butane).*>** In the context
of propane ODH, it was shown that the complex interplay
between vanadia and ceria is highly relevant to understand the
reactivity behavior of the catalyst. On the ceria surface, vanadia
is present in different nuclearities,* which perform different
functions.*® While monomeric vanadia is able to modulate the
ceria oxygen mobility by interacting with surface vacancies,*
dimeric and oligomeric nuclearities catalyze the initial C-H
bond breakage and facilitate the rapid transfer of hydrogen
from propane to ceria lattice oxygen, while the trimeric nucle-
arity is very stable and does not participate.*® In addition, ceria
was shown to keep vanadia in oxidation state V>*, while being
reduced itself.*****¢* However, when using CO,, it was shown
that especially monomeric vanadia cannot be fully reoxidized
after being reduced.** Further recent studies showed that the
ceria lattice can be re-oxidized by CO, after regenerating vana-
dia with nuclearities >1 via carbonate intermediates that are
reduced to CO leading to a pristine lattice again.*” Under-
standing how these properties translate to the CO,-assisted
propane ODH will be an important step in understanding the
reaction mechanism over VO,/CeQO,.
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In addition to elucidating the catalyst's behavior, under-
standing the reaction network is of high importance to obtain
a full mechanistic picture and assign the identified active sites
to the individual reactions. Besides the ODH reaction, multiple
side reactions can occur, which include PDR, coking, cracking,
and coal gasification of the formed carbon.*® In addition, the
dehydrogenation pathway was shown by experimental and
theoretical work of Ascoop et al.>® to occur via two routes, that is,
a direct ODH pathway and an indirect two-step pathway. The
latter is based on direct dehydrogenation, resulting in hydrogen
and propylene, and subsequent reaction of hydrogen with CO,
yielding CO and water via RWGSR. The presence of these two
pathways was further confirmed experimentally by Rogg et al.>*
for VO,/SiO, using operando UV-Raman spectroscopy, high-
lighting the importance of understanding this highly complex
reaction network and the mode of operation of the vanadia
catalyst under reaction conditions.

In this study, we investigate the CO,-assisted propane ODH
over VO,/CeO, with the goal of elucidating the detailed reaction
mechanism using multiple operando and in situ spectroscopies.
These include in situ XRD, operando multi-wavelength Raman,
operando UV-Vis, and quasi in situ DRIFT spectroscopy. In
addition, the reaction network will be analyzed in detail to
understand the reactivity behavior. Using the above methods
the question of the interaction between ceria and vanadia, the
identification of the active site, and the nuclearity-dependent
reactivity behavior will be addressed to obtain a full mecha-
nistic picture. Furthermore, we will address the active sites
involved in potential side reactions and the common problem
of catalyst deactivation during CO,-assisted propane ODH. Our
results demonstrate the potential of combining multiple
methods to obtain detailed mechanistic insights into a catalytic
reaction with potential industrial applicability. The approach
can be readily transferred to other reactions and materials
relevant to CO, activation and valorization.

2. Experimental section

2.1. Catalyst preparation

The ceria support was prepared by two-fold calcination of cer-
ium(III) nitrate hexahydrate (=99.99%, Sigma-Aldrich) staying
at 600 °C for 12 h after heating using a rate of 1.5 °C min™', as
described previously.** Ceria was loaded with vanadia by
incipient wetness impregnation. Three different loadings were
prepared by mixing 1 g of ceria with 0.5 mL of different-
concentration  precursor  solutions (1.07 mol L7},
0.51 mol L™, and 0.21 mol L") containing vanadium(v) oxy-
triisopropoxide (=97%, Sigma-Aldrich) and 2-propanol (99.5%,
Sigma-Aldrich). The samples were then heated to 600 °C at
a heating rate of 1.5 °C min~" and calcined for 12 h. The specific
surface area of bare ceria was determined to be 61.4 m* g~ ' by
nitrogen physisorption experiments and the use of the Bru-
nauer-Emmett-Teller (BET) method, yielding vanadium load-
ings of 2.83 V nm™ 2 (2.32 wt% V,05), 1.36 V. nm™> (1.11 wt%
V,05), and 0.57 V nm ™2 (0.47 wt% V,05), respectively. Higher
vanadium loadings were not considered since vanadia crystal-
lites were shown to be present at loadings >2.9 V nm™>.** The
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resulting catalyst powders were subsequently pressed at a pres-
sure of 2000 kg m~? for 20 s, ground and then sieved using
a combination of sieves to obtain 200-300 pm particles.

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 70 mg of catalyst.
The samples were first dehydrated in 12.5% O,/He for 1 h at
550 °C, subsequently cooled to 50 °C, exposed to 12.5% CO,/
12.5% CsHg/He with a total flow rate of 40 ml, min~*, and then
heated in 45 °C steps up to 550 °C, staying at each temperature
for 1 h. The direct dehydrogenation of propane (DDH) was
tested in the same way but no CO, was added to the gas feed.
The gas-phase composition was analyzed continuously using
a gas chromatograph (GC, Agilent Technologies 7890B) equip-
ped with a PoraPlot Q and a Molsieve column. The separated
gases were analyzed by 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. 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% O,/He for
1 h, then treated consecutively in 7.5% H,/Ar, 12.5% CO,/He,
12.5% CO,/12.5% C3Hg/He, and finally regenerated in 12.5%
CO,/He (for 2 h for each gas phase), respectively. The reaction
products were analyzed and ratios between different products
were calculated to determine the relative contributions of the
different reaction pathways to the overall product distribution.

2.3. X-ray diffraction

X-ray diffraction patterns were recorded on an Empyrean system
(Malvern Panalytical) in Bragg-Brentano geometry using CuK,
radiation and a PIXcel'® detector. For in situ analysis, 90 mg of
catalyst was placed in an XRK 900 reaction chamber (Anton
Paar) equipped with a NiCr-NiAl thermocouple to measure the
temperature directly next to the sample surface. The samples
were first dehydrated in 12.5% O,/N,, cooled to room temper-
ature, and subsequently treated in 12.5% CO,/12.5% Cz;Hg/He.
The samples were then heated in 100 °C steps up to 750 °C, with
an equilibration time of 30 minutes at each temperature, and
measured for 10 minutes in a 26 range from 20 to 70° with
a step-width of 0.025° for each step. A Rietveld analysis was
performed for the diffraction pattern recorded at 750 °C using
the TOPAS software together with reference structures from the
ICSD database. The background was corrected by using a Che-
byshev function with ten polynomials.

2.4. UV-Raman spectroscopy

UV-Raman spectroscopy was performed at an excitation wave-
length 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 was frequency
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doubled to 385 nm using a LiB;Os crystal. The light was focused
onto the sample, and the scattered light was collected by
a confocal mirror setup and focused into a triple-stage spec-
trometer (Princeton Instruments, TriVista 555).* Finally, the
Raman contribution was detected by a charge-coupled device
(CCD, 2048 x 512 pixels) cooled to —120 °C. The spectral reso-
lution of the spectrometer was 1 cm . For Raman experiments,
70 mg of catalyst was placed in a CCR 1000 reactor (Linkam
Scientific Instruments) equipped with a CaF, window (Korth
Kristalle GmbH). A fluidized bed reactor was employed to avoid
laser-induced damage, allowing the use of a laser power of 9 mW
at the location of the sample. Data processing included cosmic
ray removal and background subtraction. The spectra were
further analyzed by a least-squares fitting analysis using four
Lorentzian functions (see Fig. S5t). Operando spectra were
measured after dehydration for 1 h in 12.5% O,/He and further
pre-treatment in 7.5% H,/Ar and 12.5% CO,/He at 550 °C to start
from a partially oxidized state. Afterwards, the catalyst was
exposed to reactive conditions (12.5% CO,/12.5% C3;Hg/He) and
regenerated under oxidizing conditions (12.5% CO,/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 F,, peak of ceria.

2.5. 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 subse-
quently 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, 70 mg of catalyst was filled into a CCR 1000 reactor
(Linkam Scientific Instruments) equipped with a quartz window
(Linkam Scientific Instruments). The laser power at the sample
location was 4 mW. Data analysis of the Raman spectra included
cosmic ray removal and an auto new dark correction. Operando
spectra were measured after dehydration for 1 h in 12.5% O,/He
and further pre-treatment in 7.5% H,/Ar and 12.5% CO,/He at
550 °C to start from a partially oxidized state. Afterwards, the
catalyst was exposed to reactive conditions (12.5% CO,/12.5%
Cs;Hg/He) and regenerated under oxidizing conditions (12.5%
CO,/He) with a total flow rate of 40 ml, min~" for each gas phase.
The spectra were normalized to the F,, peak of ceria. The F,,
position was determined by a least-square fitting analysis. The
nuclearity distribution was determined from the vanadyl peaks
by performing a least-square fitting analysis using five Lor-
entzian functions at distinct spectral positions.*®

2.6. Diffuse reflectance UV-Vis spectroscopy

Diffuse reflectance (DR) UV-Vis spectra were recorded on a Jasco
V-770 UV-Vis spectrometer. Dehydrated BaSO, was used as the
white standard. For each experiment, 90 mg of catalyst was
placed in the commercially available reaction cell (Praying
Mantis High Temperature Reaction Chamber, Harrick

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scientific) equipped with transparent quartz glass windows.
Operando spectra were measured after dehydration for 1 h in
12.5% O,/He and further pre-treatment in 7.5% H,/Ar and
12.5% CO,/He at 550 °C to start from a partially oxidized state.
Afterwards, the catalyst was exposed to reactive conditions
(12.5% CO,/12.5% C3Hg/He) and regenerated under oxidizing
conditions (12.5% CO,/He) with a total flow rate of 40 ml,-
min~" for each gas phase. The band gap energies were deter-
mined using Tauc plots, while the reduction peak area was
quantified by a least-squares fitting analysis of the spectra using
Gaussian-Lorentzian (70/30) product functions. Product func-
tions were used to account for the large contribution of natural
line broadening to the overall line-shape (Lorentzian), caused
by the short life-time of the electronically excited states.*

2.7. Diffuse reflectance 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, 90 mg of catalyst was placed in the commercially
available reaction cell (Praying Mantis High Temperature
Reaction Chamber, Harrick Scientific) equipped with trans-
parent KBr windows.

For quasi in situ measurements the samples were treated in
12.5% O,/He, 7.5% H,/Ar, 12.5% CO,/He, 12.5% CO0,/12.5%
C;Hg/He, and finally regenerated in 12.5% CO,/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 for
the measurement before heating it back to 550 °C for the next
gas treatment.

Data processing consisted of background removal by sub-
tracting a baseline formed by 12 anchor points. To quantify the
adsorbate peaks in the Ce-OH region, the spectra were fitted
using Lorentzian functions employing the Levenberg-Mar-
quardt algorithm implemented in OriginLab 2022b. Finally, to
quantify the total amount of carbonates on the surface, the
region between 1200 and 1800 cm™ ' was integrated.

3. Results and discussion

First, the catalytic activity of the sample will be discussed. Due
to the plethora of possible reactions over the catalyst, an anal-
ysis of the reaction network will be performed, followed by an
operando and quasi in situ spectroscopic investigation. Since the
samples used for this study are identical to those in our
previous studies on the VO,/CeO, system, structural character-
ization will not be performed in this study. For the detailed
characterization results, please refer to our previous work.3*3¢4¢

3.1. Activity data and reaction network analysis

Fig. 1 shows the temperature-dependent propane conversions
and propylene selectivities of bare ceria and vanadia-loaded

© 2024 The Author(s). Published by the Royal Society of Chemistry
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samples during ODH (12.5% CO,/12.5% C3;Hg/He) and DDH
conditions (12.5% C;Hg/He) between 225 and 550 °C. Exem-
plary product amounts of CO and ethylene produced during the
ODH and DDH in the same temperature range are given in the
ESI (see Fig. S17).

As shown in Fig. 1a, the temperature-dependent propane
conversion of bare ceria and vanadia-loaded samples is char-
acterized by an exponential increase. The background conver-
sion caused by the Linkam reactor is already removed from the
data presented. Ceria shows the highest conversion at all
temperatures, while the conversion for the vanadia-loaded
samples decreases with increasing amount of vanadia.
However, the conversion stays below 1.5% for all samples at all
temperatures. The propylene selectivities, shown in Fig. 1b,
start at 100% for low temperatures where the conversions are
<0.1%, and start to decrease at 365 °C for ceria, gradually
decreasing to 60%. The propylene selectivities of the vanadia-
loaded samples stay above those of bare ceria and increase
with the vanadia loading for all temperatures. Most of these
differences in the propylene selectivities are likely caused by the
different conversions, which show an inverse trend. A temper-
ature of 550 °C was chosen for the spectroscopic investigation of
the system to maximize the conversions, thus enhancing the
visibility of spectroscopic changes. The catalytic activity of the
VO,/CeO, system is similar to VO,/SiO, catalysts for bare ceria
and lower vanadia loadings, but better for the highest loading,
while the selectivity is slightly lower.>® In comparison to VO,/
In,0; it reaches only ~50% of the conversion®*** and compared
to VO,/TiO, about 30%.>* However, the VO,/CeO, system is still
of great interest to obtain a better understanding of supported
VO, catalysts in the CO,-assisted propane ODH in general. It
might also be of use for the development of multi-oxide cata-
lysts, as was done for the VO,/SiO, system by adding WO,,
significantly improving the catalytic activity.>*

In comparison, Fig. 1c shows the propane conversion of bare
ceria and the vanadia-loaded samples under DDH conditions.
The conversion starts to be detected at significantly higher
temperatures than under ODH conditions, then shows
a stronger increase for all samples at 500 °C to 1.5-3.5%, and
finally decreases sharply. This effect is attributed to the deple-
tion of ceria lattice oxygen, giving a first important hint towards
involvement of ceria lattice oxygen in the reaction mechanism,
while CO, is required to stabilize the catalytic performance. The
propylene selectivities under DDH conditions, shown in Fig. 1d,
also show significantly higher values, staying above 85% for all
temperatures. This emphasizes that the DDH reaction exhibits
significantly higher conversions and selectivities but has no
stable performance. This is further emphasized by the molar
product amounts of CO and ethylene for both reaction condi-
tions (see Fig. S17). First, the amount of CO produced during
ODH conditions is increased by 1.5 orders of magnitude. The
formation of CO during DDH conditions indicates that some
total oxidation or propane dry reforming occurs during the
DDH. However, the significantly higher amount of CO during
ODH conditions indicates the consumption of CO, towards CO,
possibly regenerating the ceria lattice, thereby stabilizing the
catalytic activity. A similar behavior can be observed for

RSC Sustainability, 2024, 2, 3846-3865 | 3849
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Fig. 1 Comparison between the temperature-dependent conversions (a and c) and selectivities (b and d) of bare ceria and vanadia-loaded
samples between 225 and 550 °C under ODH (12.5% C0O,/12.5% CsHg/He) and DDH (12.5% CsHg/He) conditions.

ethylene that is one order of magnitude higher under ODH
conditions. This indicates that much more cracking occurs
under ODH conditions, which is likely to be one reason for the
lower propylene selectivities. Comparison between the ODH
and DDH data reveals that introduction of CO, into the gas feed
diminishes the reaction performance significantly but is
required for a stable performance of VO,/CeO, catalysts.
Therefore, only ODH conditions will be considered in the
following.

Fig. 2 shows the influence of the pre-treatment conditions on
the catalytic performance of the VO,/CeO, system under ODH
conditions. Two different pre-treatment conditions were tested.
First, switching to ODH conditions directly from a fully oxidized
catalyst (12.5% O,/He), and second, ODH conditions after
catalyst treatment in 12.5% O,/He, 7.5% H,/Ar and 12.5% CO,/
He, which ensures a catalyst in a pre-reduced state that is more
representative of reaction conditions. As can be seen in Fig. 2,
the pre-treatment conditions have no significant influence on
the measured propylene selectivities. However, the loading-
dependent propane conversions are significantly influenced.
The conversions decrease from bare ceria to the 2.83 V nm ™2
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Fig. 2 Comparison between the conversions and selectivities of bare
ceria and vanadia-loaded samples after different pre-treatments (fully
oxidized with O, and partially reduced with H, and subsequently
regenerated with CO,) under ODH conditions (12.5% CO,/12.5%
C3H8/He) at 550 °C.
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sample for only oxidative pre-treatment conditions, but
increase when the reaction is started from a partially reduced
state. The propane conversion of bare ceria decreases from 1.6
to 0.7%, while the conversion of the 2.83 V nm 2 sample
increases from 1.1 to 1.7%, which is the highest conversion
overall. The conversion of the 0.57 and 1.36 V nm~> samples is
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similar but is slightly lower for the 1.36 V nm™ > sample. When
starting from a partially reduced state, both the conversion and
selectivity increase with increasing vanadia loading, which
indicates that the vanadia loading influences the selectivity not
by only changing the conversion but by an actual change in the
reaction pathway. The influence of the pre-treatment conditions
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Fig. 3 Analysis of the CO,-assisted propane ODH reaction network over bare ceria and vanadia-loaded samples: (a) loading-dependent
propane and CO, conversions and propylene selectivities, (b) propane and (c) CO, conversions, and (d) propylene/CO, (e) ethylene/H, and (f)

created CO/converted CO ratios.
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on the mechanism is therefore of relevance to understand the
changes in the conversion trends.

To understand the reaction network in more detail, Fig. 3
depicts the analysis of the reaction products based on the ob-
tained product distributions shown in the ESI (see Fig. S27),
including the propane and CO, conversions, the propylene
selectivity, and the C3;H¢/CO, C,H,/H,, and created CO/
converted CO, ratio, as indicators for the ODH, cracking and
propane dry reforming (PDR) reactions, respectively. In addi-
tion, the ESI shows the CO/H, ratio, as an indicator for the
contribution from the reverse water-gas shift reaction (RWGSR,
see Fig. S37).

Fig. 3a gives an overview of the initial (first 30 minutes of the
reaction phase) propane and CO, conversions and the
propylene selectivity. The propane conversion slightly increases
from 0.8% for bare ceria to 1.2 and 1% for the 0.57 and 1.36 V
nm 2 samples but significantly increases to 2.3% for the 2.83 V
nm™ > sample. The selectivity shows a linear increase from 65 to
80% with increasing vanadia loading up to 1.36 V nm . For the
2.83 V nm > sample, the propylene selectivity drops signifi-
cantly to 42% concurrently to the sharp increase in propane
conversion observed. The selectivity values include the cracking
and PDR reaction determined in the discussion below. Impor-
tantly, the total amount of propylene produced stays constant
for all four samples (see Fig. S2t). The selectivity decrease
caused by propane total oxidation is not included, since the
exact amount cannot be determined due to the different reac-
tion routes in which CO and CO, are involved. In comparison,
the CO, conversion (10-16%) is higher than that of propane by
about one order of magnitude, indicating the occurrence of side
reactions or processes unrelated to the ODH reaction. Since the
stoichiometry of propane and CO, during CO,-assisted propane
ODH is 1:1, the difference between the propane and CO,
conversion can be understood as the total amount of side
reactions occurring. However, since different reaction pathways
can be responsible for CO, consumption and CO formation,
this is only a qualitative trend.

The propane conversions (see Fig. 3b) change only slightly
over time, indicating a stable reaction performance within the
investigated time frame. Only the 2.83 V nm > sample shows
a slightly higher conversion within the first 30 minutes (2.3%)
compared to the stable conversion of 2% afterwards, which
might be indicative of surface species that are highly reactive
towards propane but cannot be regenerated during reaction,
leading to a stable but lowered conversion. This is different
from the reaction behavior of VO,/TiO, catalysts under the same
reaction conditions, which exhibited a significant deactivation
behavior unless more CO, was present.>*

Fig. 3c depicts the CO, conversion of the catalysts, showing
only small variations. The small consumption of CO, at ~6 h is
caused by the regeneration of the material after the reduction in
7.5% H,/Ar and is indicative of a partial regeneration of VO,/
Ce0,.*”” It is particularly notable that the trend in the CO,
conversions does not follow that of the propane conversions, as
bare ceria and the 2.83 V nm™> sample exhibit the lowest CO,
conversions. Therefore, the CO, conversion goes through
a maximum with increasing vanadia loading, indicating that
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CO, is used in other processes than the ODH reaction that are,
in part, not related to propane conversion due to the different
loading-dependent reactivity behavior towards propane and
CO,.

To disentangle the observed reactivity behavior, the C;Hg/
CO, C,H4/H,, and created CO/converted CO, ratio is formed
from the molar product distributions shown in the ESI (see
Fig. S2t), serving as an indicator for the ODH, cracking and
propane dry reforming (PDR) reactions, respectively (see
Fig. 3d-f). The RWGSR is probed by the CO/H, ratio shown in
Fig. S3.7 The C3H(/CO ratio decreases from a value of 0.12 for
bare ceria to a value of 0.06 for the 1.36 V nm ™2 sample before
increasing again for the 2.83 V nm ™2 sample. If the ODH reac-
tion was the only relevant reaction, CO and propylene would be
produced in a 1:1 ratio. The observed ratios, however, clearly
show, that much more CO is produced than would be expected
for the ODH reaction, pointing to the occurrence of additional
reaction pathways like PDR and total oxidation. It is also
apparent, that the relative amount of produced propylene goes
through a minimum for the 1.36 V nm 2 sample, which might
be caused by the changes in nuclearities of surface vanadia
species.*®

Fig. 3e shows the C,H,/H, ratio, which is an indicator for the
prevalence of cracking. The values range between 0.13 for the
1.36 Vnm > sample and 0.4 for the bare ceria and 2.83 V nm >
sample, indicating that much more H, is produced than
ethylene. During the cracking reaction, propane is consumed
and ethylene, methane and H, are produced in a stoichiometric
ratio.*”*® Therefore, the higher amount of detected hydrogen is
indicative of further side reactions, e.g. PDR, which can produce
hydrogen and also CO, which would additionally explain the
observed C;Hg/CO ratios. The loading-dependent trend in the
ratios is similar to that observed in Fig. 3d; hence, much more
CO and H, is detected than ethylene and propylene. This
behavior points to a significant proportion of PDR occurring,
while the amount of cracking seems to be negligible. Notably,
the C,H,/H, ratio increases sharply for the 2.83 V nm? sample,
which may indicate structural changes favouring cracking over
PDR.

To obtain further insight into the reactivity behavior of the
VO,/CeO, samples, Fig. 3f shows the created CO/converted CO,
ratio, which is indicative of the amount of PDR. Here, only the
2.83 V nm 2 sample shows a value larger than one, which is
indicative of PDR, since additional CO must be produced from
propane. This is fully consistent with the observed propane
conversions and propylene selectivities (see Fig. 3a). The overall
propylene yield therefore does not benefit from the increased
propane conversion.*” For the remaining samples, the ratio is
below one, which indicates that more CO, is converted than CO
is produced. The additional converted CO, will be used in other
reactions like surface adsorbate formation (see below). The
other two samples are in between the behavior of bare ceria and
the 2.83 V nm ™2 sample, with a value of almost one. This might
indicate that dehydrogenation is dominant. However, the much
higher CO, conversion compared to propane and the very low
C3H¢/CO ratios indicate that significant amounts of CO, and CO
need to be additionally produced, which would be consistent

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with a mix of PDR, cracking and total oxidation. The total
oxidation is especially well suited to produce these gases, since
propane is converted to CO,, consuming more lattice oxygen
than selective oxidation. These need to be regenerated by
additional CO, creating additional CO. Since the total oxidation
can produce both CO and CO, but the regeneration of lattice
oxygen can only lead to CO, this affects the created CO/
converted CO, ratio.

At last, Fig. S31 shows the CO/H, ratio, which has been
considered as an indicator of the ratio between ODH and DDH +
RWGSR. However, due to many other pathways towards H, and
especially CO, this becomes overlayed by other effects, as re-
flected in the detected values, which vary between 5 and 30.
Therefore, the two dehydrogenation pathways cannot be
differentiated. Table S11 summarizes the carbon balances. The
values range from 6.2 to 7.2%, which is comparably low for
reactions that create significant amounts of carbon, indicating
that carbon formation on the catalyst surface is negligible.

In summary, the catalyst samples exhibit ODH activity under
12.5% CO,/12.5% C3zHg/He conditions at 550 °C. While under
DDH conditions higher activities and selectivities are observed,
only the ODH conditions lead to a stable reaction behavior.
Additionally, the pre-treatment conditions are of importance,
and a consecutive pre-treatment in hydrogen and CO, facilitates
the ODH reaction. Regarding the side reactions, a nuclearity-
dependent behavior is observed, as determined from the anal-
ysis of the reaction network. Bare ceria shows the smallest
contribution from PDR but has the highest prevalence of total
oxidation. With increasing vanadia loading, the relative
contribution from total oxidation of propane decreases while
that of PDR increases. The 2.83 V nm > sample shows the lowest
conversion of CO, despite its higher propane conversion. This
indicates the least prevalence of side reactions overall, despite
its lower selectivity compared to the other samples, stemming
from the high PDR rate. The total amount of consumed CO, can
be used as an indicator for the total amount of side reactions,
since cracking was determined to be negligible, and the amount
of dehydrogenation seems to stay constant.

3.2. Operando and in situ spectroscopic analysis

To understand the reactivity behavior in more detail, the catalysts
are investigated by employing different operando and in situ
spectroscopies as well as diffraction. The overall structural char-
acterization of the catalysts was performed in great detail previ-
ously and will not be discussed again here.**** However, the
relevant peaks of each spectrum will be briefly assigned for better
readability and crucial information about the system will be given
at the relevant points. For VO,/CeQ,, selective resonance Raman
enhancement by multi-wavelength excitation can be achieved, by
using 385 and 514 nm excitation, as described previously.*
385 nm UV excitation was used at the position of the band gap
absorption of ceria, leading to a significant and selective intensity
increase of ceria-related features, allowing for their dedicated
analysis. 514 nm Vis excitation is used to enhance the vanadia-
based features enabling the detection of the vibrational vanadyl
fine structure related to the vanadia nuclearities.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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To exclude the formation of crystalline CeVO, due to the
elevated temperatures and reducing conditions, in situ XRD was
performed under 12.5% CO,/12.5% Cz;Hg/He for the 2.83 V
nm 2 sample between room temperature and 700 °C. Samples
with lower loadings were not investigated since CevVO, forma-
tion is favored at high vanadium contents.*****° Fig. S41 shows
that signals from CeVO, are only observable starting at 700 °C.
Therefore, the formation of crystalline CevVO, has no relevance
for the following study. However, the possibility of formation of
nanodispersive CeVO, remains, which can be observed via
Raman spectroscopy.*”*

Fig. 4 depicts UV-Raman spectra (385 nm excitation) of bare
ceria and the 1.36 V nm > sample recorded under different gas
conditions at 550 °C. The spectra were normalized to the Fyg
peak. Here, a selective intensity enhancement of the ceria peaks
is expected due to resonance effects caused by the absorption of
ceria (see also Fig. 7). The observed intensity changes between
the spectra recorded during initial CO, and ODH conditions
were quantified by a peak-fitting analysis and the results are
summarized in Fig. 4c and d. The UV-Raman spectra for the
0.57 and 2.83 V. nm > sample are given in the ESI (see Fig. S57).
An exemplary fit of the UV-Raman spectrum of the 1.36 V nm >
sample under 12.5% O,/He is shown in the ESI (see Fig. S67).

The UV-Raman spectra of bare ceria under different gas
conditions are characterized by peaks at 250, 405, 455, 590 and
1170 cm™ ', which are caused by the longitudinal and trans-
versal Ce-O surface phonon, the F,, mode, the defect region
and the 2LO peak, respectively (see Fig. 4a).*>* At the 250 cm ™"
position, the longitudinal surface phonon is overlapped by the
2TA signal of ceria. The reduction and re-oxidation behavior of
the sample was discussed in detail before.** Briefly, under
reducing conditions, the defect region increases in intensity,
while the surface Ce-O oxygen signals show a decrease,
consistent with the consumption of lattice oxygen and forma-
tion of vacancies. When CO, is introduced for re-oxidation after
H,/Ar treatment, the surface phonon regenerates very slightly,
while the defect region decreases in intensity significantly
below the initial intensity under O, conditions. This was
previously explained by the formation of carbonates which
block surface oxygen sites, while regenerating vacancies.*> Upon
switching to ODH conditions, similar changes as upon the
switch from O, to H, can be observed but to a significantly
smaller extent, which are regenerated in the second CO, con-
taining feed. This indicates that under reaction conditions
some additional surface oxygen can be used despite carbonate
formation, or alternatively that surface carbonates can act as an
oxygen source for the reaction.

As shown in Fig. 4b, UV-Raman spectra of the 1.36 V nm™
sample at 550 °C under different gas feeds do not exhibit
additional peaks compared to the spectra of bare ceria. A
similar behavior was previously observed for the VO,/TiO,
system under the same gas feeds and at the same temperature.®*
It is caused by the high temperature decreasing the overall
intensity together with the increased absorption of the support
material which leads to resonance enhancement of the support
and can diminish the vanadia signal. Comparison of all
samples reveals the same structural dynamics when switching
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Fig. 4 UV-Raman spectra (385 nm excitation) of (a) CeO, and (b) the 1.36 V nm~2 sample recorded under the indicated gas feeds at 550 °C.
Spectra were normalized to the F,4 peak and the CaF, window signal is marked with an asterisk. Quantification of the (c) Ce-O surface phonon
and (d) defect region changes between spectra recorded under 12.5% CO,/He and 12.5% CO,/12.5% CsHg/He.

to reaction conditions, the extent of which decreases with
increasing amounts of vanadia. This might be caused by vana-
dia blocking surface oxygen sites since vanadia is anchored to
these sites, and as a consequence, less carbonates can be
formed, which seems likely since all changes in the spectra are
caused by ceria lattice oxygen. Notably, neither for bare ceria
nor for the 1.36 V nm™ > sample a signal of the D- and G-bands
originating from amorphous carbon is observed, consistent
with the low carbon balances detected by GC (see Table S1+).
To fully understand the observed behavior, the changes in
the UV-Raman spectra between the initial CO, exposure and
ODH conditions were quantified by a fitting analysis. An
exemplary fit is shown in the ESI (see Fig. S6T). The results for
the transversal surface phonon at 405 cm ' and the defect
region at 590 cm™ ' are shown in Fig. 4c and d, respectively. The
intensity difference of the Ce-O surface phonon increases from
bare ceria to the 0.57 V nm > sample and then decreases again
for higher vanadia loadings. The observed maximum for the

3854 | RSC Sustainability, 2024, 2, 3846-3865

0.57 Vnm ™ * sample is in agreement with the increased propane
and CO, conversion at this loading, the latter representing the
highest overall amount of CO, being converted. The decrease at
a loading of 1.36 V nm 2 can be explained by the lower
conversion of propane as well as the decreased prevalence of the
total oxidation reaction. It stays almost constant afterwards,
since the total oxidation rate decreases again, while the PDR
rate increases sharply. Overall, the behavior of the Ce-O surface
phonon indicates that the surface may be mostly deactivated by
CO, due to carbonate formation caused by the pretreatment,
but that the remaining surface oxygen atoms can still partici-
pate in the reaction and seem to provide the oxygen for all
occurring reactions, correlating with the overall conversion of
all reactants.

Fig. 4d shows the corresponding intensity changes of the
defect region, which correlate well with the propane conversion,
indicating that the conversion of propane leads to the forma-
tion of new defects in the material, which occurs concurrently

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with the consumption of Ce-O surface oxygen. However, the
determined trends are very different: while the Ce-O surface
phonon intensity changes correlate with the conversion of all
molecules, the defect region only correlates with the propane
conversion. Therefore, some reactions might lead to the
consumption of clean surface Ce-O oxygen without vacancy
formation, i.e. carbonate/formate formation, further empha-
sizing its importance. It is apparent that newly created vacan-
cies are relevant in the conversion of propane but might be
regenerated by CO,, making them unavailable for further
propane conversion due to possible adsorbate formation. This
will be discussed in more detail in the DRIFTS section of this
manuscript (see Fig. 8 and discussion). In addition, the defect
region may be influenced by the presence of monomeric vana-
dia species due to their known interaction with ceria surface
vacancies.*****! These would exhibit the most significant effect
at low loadings due to their prominence, which is discussed in
more detail below (see Fig. 6 and discussion).

To investigate the changes in the ceria and vanadia structure
in more detail Fig. 5 shows Vis-Raman spectra (514 nm excita-
tion) of bare ceria and the 1.36 V nm~> sample recorded under
different gas conditions at 550 °C. At this wavelength a selective
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intensity enhancement of the vanadia-related signals is ex-
pected due to resonance conditions (see also Fig. 7). The F,,
shift and the change in hydride area between the initial CO, and
ODH conditions were quantified by a peak-fitting analysis and
integration, respectively, (for details see experimental section),
as shown in Fig. 5c and d. The Vis-Raman spectra of the 0.57
and 2.83 V nm~ > samples are given in the ESI (see Fig. S77).

Fig. 5a shows the Vis-Raman spectra of bare ceria under
different gas feeds at 550 °C. The spectrum under oxidizing
conditions generally exhibits the same peaks observed in the
UV-Raman spectra but with different relative intensities. Here,
as a result of the different reductive properties of the gas feeds
and the high temperatures, the overall intensity of the spectra
and the background varies significantly, hindering intensity
trends to be clearly determined. However, the F,, red-shift is
a good indicator for subsurface/bulk reduction of ceria, caused
by the formation of Ce®" ions, which, due to their larger radius
than Ce*" ions distort the lattice, thus leading to a mode soft-
ening.*> In addition, after the exposure to H,, a peak at
1064 cm ™ can be observed that has previously been assigned to
Ce-H bulk hydrides and may be of importance regarding
hydrogen transfer during the reaction.*®*
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Fig. 5 Vis-Raman spectra (514 nm excitation) of (a) bare ceria and (b) the 1.36 V nm~2 samples under different gas feeds recorded at 550 °C. (c)
The F,4 shift and (d) the hydride areas were determined by fitting and integration. The dashed line in panel d indicates no intensity change. For

details see text.
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In comparison, the Vis-Raman spectra of the 1.36 V nm >

sample show similar changes with respect to the F,, position
and the Ce-H peak at 1064 cm ™' (see Fig. 5b). In addition, the
fine structure of the V=0 stretching vibration is detected
between 1000 and 1050 cm™ ', showing a blue-shift of the
maximum with increasing vanadia loading (see Fig. 6a), allow-
ing for the discrimination between different nuclearities (see
Fig. 6b).>***375* The vanadyl peak decreases to zero under both
reductive gas feeds but is regenerated in the first and second
CO, containing atmosphere, indicating its participation in the
reaction. However, as previously shown, depending on the
nuclearity, only some vanadia species fully regenerate to V°*
species, which are often described as the catalytically most
active species.** Since V** and V** species cannot be observed in
Raman spectroscopy due to their small scattering cross
sections,**” these species will be discussed in the UV-Vis
section (see Fig. 7 and Discussion). The vanadyl fine structure
will also be discussed in more detail below (see Fig. 6 and
Discussion).

The F,, shift between the initial CO, exposure and the
subsequent ODH conditions serves as an indicator for the ceria
reduction upon reaction (see Fig. 5c). The F,, shifts range
between a minimum of 0.3 cm ™" for bare ceria, and a maximum
of 0.75 and 0.8 cm ™' for the 0.57 and 1.36 V nm > samples,
while the 2.83 V nm~> sample is characterized by a shift of
0.5 cm . These values are comparably small,*® which might be
caused by the overall high oxygen mobility at this temperature,
leading to an additional regeneration route via diffusion of bulk
oxygen.*® The observed behavior indicates that the participation
of ceria lattice oxygen varies significantly with the vanadia
loading. It correlates well with the conversion of all reactants
with a significant increase between bare ceria and the 0.57 and
1.36 V nm~ > samples, as observed for the propane and CO,
conversions, indicating that ceria lattice oxygen is an important

3856 | RSC Sustainability, 2024, 2, 3846-3865

driver for the occurring reactions. In comparison, the 2.83 V
nm ™2 sample shows a significantly different behavior, which
despite similar conversions of both propane and CO, as the
other samples is characterized by a F,, red-shift, suggesting that
ceria lattice oxygen is replaced as active oxygen site by vanadia
oxygen, provided by oligomeric vanadia species present
primarily at higher loadings. Such a change in active site would
also explain the sudden shift in reactivity behavior when the
loading is increased from 1.36 to 2.83 V nm™>.

Finally, the intensity change in the region between 1050 and
1100 cm ™', referred to as hydride area, was quantified by inte-
gration (see Fig. 5d). The dashed line corresponds to no inten-
sity change. Hence, for bare ceria, the amount of subsurface/
bulk hydrides decreases from the initial CO, to the ODH
conditions, while a strong increase is observed for the 0.57 and
1.36 V nm > samples that decreases again for the 2.83 V nm >
sample. These changes might be caused by the ability of vana-
dia to transfer hydrogen from propane to the ceria surface. Due
to the high temperature at which the CO,-assisted ODH is
performed, a strong diffusion of hydrogen into the bulk, which
was already observed at temperatures ~300 °C, is likely.*
Overall, the observed intensity trend for the bulk hydrides is
similar to the determined propylene selectivity, which might be
one way by which vanadia increases the propylene selectivity
since the hydrogen transfer from propane to ceria is increased,
leading to the formation of bulk hydrides. This effect is not
observed for bare ceria, indicating that it is caused by the
presence of surface vanadia. However, as bare ceria still exhibits
a propylene selectivity of 65%, also other routes towards selec-
tive oxidation must be operating. The amount of hydrides
formed by the 2.83 V nm > sample decreases significantly in
line with the propylene selectivity, which indicates that in this
case hydride formation plays only a minor role, further high-
lighting a nuclearity-dependent catalytic behavior. Therefore,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 UV-Vis spectra of (a) bare ceria and (b) the 1.36 V nm~2 sample under different gas feeds, recorded at 550 °C. (c) Band gap energies as
determined using Tauc plots and (d) the reduction peak area based on the results of a fitting analysis.

the quantification of the nuclearity distribution is crucial to
understand the reactivity behavior in more detail.

Fig. 6a shows the vanadyl stretching region of the vanadia-
loaded samples, compared to bare ceria as a reference, recor-
ded during 12.5% O,/He exposure using Vis-Raman spectros-
copy (514 nm excitation), together with the results of peak-
fitting analyses.

In the following, it is assumed that the chain length does not
change significantly with the gas phase, but only with the
temperature through sintering.” As expected, bare ceria does
not show any relevant signals in this region. For the VO,/CeO,
samples, the overall intensity increases with increasing vanadia
loading and the maximum gradually shifts towards higher
Raman-shifts. This behavior is caused by the increasing preva-
lence of higher vanadia nuclearities, which facilitate dipole-
dipole coupling between V=O groups of the same chain,
leading to a blue-shift.****3¢ As a result, the fine structure
consists of five separable peaks that are shifted with respect to

© 2024 The Author(s). Published by the Royal Society of Chemistry

each other in a small range, due to different local chemical
environments.

Fitting this fine structure with five Lorentz functions at
restricted positions allows to extract a nuclearity distribution
for each loading (see Fig. 6b). Note that this distribution differs
from that obtained in our previous study at 275 °C using O, as
the oxidizing agent,***® due to the significantly different
temperature. Since the clusters are more mobile on the ceria
surface at 550 °C a higher relative contribution from stable
nuclearities (i.e. trimers) is expected.*®**® The 0.57 V nm >
sample exhibits the strongest contributions from dimers, with
significant contributions from monomers and trimers and
a small tetrameric contribution. No oligomeric nuclearities are
present. In comparison, the 1.36 V nm™~> sample shows signif-
icantly higher contributions from all nuclearities as expected
for the higher loading. The relative contribution shifts in part
from monomers to trimers, with dimers still being the largest
fraction. However, the relative amount of each nuclearity is
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similar for both the 0.57 and 1.36 V nm™ > samples, which is in
good agreement with their similar reactivity behavior. Func-
tions of the individual nuclearities during propane ODH were
previously assigned based on ME-DRIFTS results.>** Monomeric
species can inhibit the oxygen mobility in the ceria lattice by
interaction with oxygen vacancies due to their structural relax-
ation into them.** However, due to the elevated temperatures
the mobility of the monomeric species is expected to increase
the ability to move out of the vacancy.*® Such facilitated mobility
is consistent with the fact that the 0.57 V nm > sample with the
highest relative amount of monomers shows the strongest F,,
shift as well as the overall highest amount of CO, conversion
with significant total oxidation contributions. Trimeric species,
due to their highly stable ring configuration, were determined
to be observer species with no catalytic function in the reac-
tion.***® Dimeric species were proposed to transfer hydrogen
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Fig. 8 Quasi in situ DRIFT spectra of (a) CeO, and (b) the 1.36 V. nm™
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atoms from propane to the ceria surface, facilitating the
propane ODH reaction by catalyzing the rate-determining
step.*® The amount of dimeric species present on the surface
is similar to the amount of bulk hydrides and appears to be
related, indicating that dimers might transfer hydrogen,
resulting in bulk hydride formation, which seems to be crucial
for the selective conversion of propane to propylene (see
Fig. 5d). The formation of additional Ce-OH groups from the
transferred hydrogen might also be viable and will be discussed
in more detail in the DRIFTS section (see Fig. 8 and Discussion).

The 2.83 V nm > samples contains the highest amount of
trimers and a lower relative contribution from the other
nuclearities. In addition, it is the only sample that exhibits
a significant fraction of oligomeric vanadia species. Besides
dimers, oligomeric vanadia species were previously shown to
transfer hydrogen from propane to the ceria surface during
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2 sample recorded after treatment under the indicated gas feeds at 550 °C

and subsequent cooling to room temperature in helium. The inset shows an enlarged view of the Ce—OH region. (c) Carbonate areas during the
first CO,/He and the reactive gas phase and (d) relevant Ce—OH peaks, which show a significant change in intensity upon switching from 12.5%

CO,/He to 12.5% CO,/12.5% CsHg/He.
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propane ODH.*® Since the reactivity and spectroscopic behavior
of this sample differs in many ways, including its higher PDR
activity, less hydride formation and a shift from ceria to vanadia
oxygen as the active oxygen site, oligomeric species seem to play
an important role in this regard. In fact, oligomeric vanadia
species in VO,/CeO, during CO,-assisted propane ODH behave
similar to oligomeric species in VO,/TiO, systems during
regular propane ODH, where they deliver oxygen to facilitate the
reactions but exhibit a lower propylene selectivity, indicating
their high reducibility.> The V=0 group of the oligomeric
species might still be able to transfer the hydrogen, however,
the target oxygen may not be available on the ceria surface. To
investigate the reduced vanadia species and the bulk reduction
of ceria in more detail, operando UV-Vis spectroscopy was
performed.

Fig. 7 shows UV-Vis spectra of bare ceria and the 1.36 Vnm ™
sample recorded under different gas conditions at 550 °C.
Based on these spectra, the band gap energy shift and the
change in reduction peak area between the initial CO, and the
ODH conditions were determined (for details see experimental
section), as shown in Fig. 7c and d. UV-Vis spectra of the 0.57
and 2.83 V nm ™2 samples are given in the ESI (see Fig. S81), as
well as an exemplary fit of a UV-Vis spectrum (see Fig. S9t). The
exact fitting procedure was described in one of our previous
studies.*®

As shown in Fig. 7a, the UV-Vis spectra of bare ceria are
dominated by strong band gap absorption caused by O2p —
Ce4f transitions.®*> Upon switching from oxidizing to reductive
conditions, two changes in the spectra become apparent. First,
the band gap shifts, which is caused by the introduction of
additional states in the band gap when the sample is reduced,
lowering the energy required for a transition, which red-shifts
the band gap.**** However, in this case, the band gap shows
a blue-shift during this initial switch, which is typically associ-
ated with an oxidation of ceria.****> This was previously related to
the newly appearing absorption at 633, which changes the
spectra shape significantly, thus influencing the graphical
analysis via Tauc plots.*® However, for small changes in the
absorption region above 500 nm (as observed for the other gas-
phase changes), the results of the Tauc analysis are not signif-
icantly affected and the differences between the initial CO,
exposure and ODH conditions can be analyzed. Second, a peak
at 633 nm is observed, which is caused by a Ce** — Ce"* charge
transition, which is also caused by the reduction of ceria
introducing Ce®* states into the lattice.®** Both are suitable
descriptors for the bulk reduction of ceria. As can be seen in
Fig. 7b, UV-Vis spectra of the 1.36 V nm > sample under
different gas feeds at 550 °C are also dominated by the ceria
absorption but also show overlapping d-d transitions from
reduced (V**, v**) vanadia, which depend on the vanadia
species.®**® Shorter vanadia nuclearities absorb at lower wave-
lengths while higher nuclearities absorb at higher wave-
lengths.®” In the following, the intensity of the region above
500 nm will be referred to as the reduction peak, describing the
combined contributions from reduced ceria and vanadia.
Therefore, both the bulk reduction of ceria as well as the prev-
alence of reduced vanadia states can be probed.

2
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Fig. 7c summarizes the band gap red-shifts between the
initial CO, and the ODH conditions for bare ceria and the
vanadia-loaded samples. The band gap is most red-shifted for
bare ceria and ceria loaded with 0.57 V nm >, indicating that
these samples exhibit the highest degree of bulk reduction,
which differs from the trend deduced from the F,, mode. This
indicates that the degree of reduction in the ceria differs
between the surface, subsurface and the bulk. The surface is
influenced by the anchored vanadia and possibly by the pres-
ence of adsorbates. The subsurface exhibits a trend that follows
the involvement of ceria lattice oxygen and is influenced by the
overall reactivity. It can be regenerated by both gas phase CO,
and subsequent oxygen diffusion into the subsurface or
through oxygen diffusion from the bulk. The F,; red-shift
decreases for the highest vanadia loading (see Fig. 5c), which
is in agreement with vanadia oxygen instead of ceria oxygen
becoming the active site. This is likely caused by oligomers, only
significantly present for the 2.83 V nm™~> sample. This sample
also shows no shift of the band gap anymore, indicating that the
reduction of ceria in this sample is limited to the surface
shifting away from a significant ceria participation. Notably, the
differences between the samples are comparably small, and
since the error of the Tauc method is estimated to be +0.01 eV,
this trend needs to be supported by additional data. The small
shift might originate from a small bulk contribution to the
reaction, which mostly occurs in the surface/subsurface
regions.

Fig. 7d quantifies the reduction peak area for bare ceria and
vanadia-loaded samples including contributions from ceria and
vanadia reduction. The reduction peak area shows an increase
with increasing vanadia loading, while the slope shows a step-
wise decrease. Since the vanadia-loaded samples are charac-
terized by a significantly higher absorption than bare ceria this
behavior indicates, that the peak includes reduced vanadia
species, showing their participation in the reaction. However,
this trend does not correlate with any specific reaction pathway,
which may be caused by the fact that both ceria and vanadia are
involved in a plethora of reactions, which all show a nuclearity-
dependent behavior. Nevertheless, it still supports the previous
interpretations that both vanadia and ceria reduction are
crucial for the reaction mechanism.

Fig. 8 shows the quasi in situ DRIFT spectra of bare ceria and
the 1.36 V nm™> sample recorded after pre-treatment under
different gas conditions and cooling to room temperature in
pure helium. The carbonate area was quantified by integration
and the Ce-OH region by a peak-fitting analysis (for details see
experimental section), as shown in Fig. 8c and d. The quasi in
situ DRIFT spectra of the 0.57 and 2.83 V nm ™ > sample are given
in the ESI (see Fig. S10t), while an exemplary fit of the Ce-OH
region is shown in Fig. S11.}

The quasi in situ DRIFT spectra of bare ceria and the 1.36 V
nm > sample show significant changes in the carbonate and
Ce-OH regions between the different gas phases but to
a different extent (see Fig. 8a and b). Especially the carbonate
region shows a sharp increase in the overall intensity after the
initial CO, exposure, which is indicative of the formation of
ubiquitous amounts of carbonate adsorbates (which can
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deactivate surface sites),*® while no significant contribution of
formates was observed. This behavior might explain the
significant differences in the activity of the samples after
differing pre-treatment conditions and between ODH and DDH
conditions.

To analyze these changes in more detail, the carbonate
region and the Ce-OH region of the bare ceria and vanadia-
loaded samples were quantified. In the carbonate region (see
Fig. 8c), the intensity decreases linearly with increasing vanadia
loading from bare ceria to the 2.83 V nm~? during the initial
CO, exposure. This is explained by the anchoring of vanadia to
surface oxygen atoms, which cannot be reduced under H,
conditions. Therefore, less surface sites are available for
reduction and subsequent adsorbate formation. When the
conditions are switched from CO, to ODH conditions, a nucle-
arity-dependent behavior is observed. For bare ceria and the
0.57 V nm™ > sample an increase in the carbonate intensity is
observed, while for the 1.36 and 2.83 V nm > samples, an
intensity decrease is observed, indicating a fundamental
difference in the reaction behavior. The increase in the
carbonate region is explained by the further reduction of
surface oxygen sites due to the transfer of hydrogen from
propane to ceria, leading to oxygen vacancy creation, which can
be regenerated by gas phase CO,. This is supported by the fact
that the intensity of the entire carbonate region increases for
these samples. In comparison, the intensity for the 1.36 and
2.83 V nm~ > samples decreases at ~1750 and ~1210 cm *,
which is indicative of monodentate carbonates.®® This might
indicate that hydrogen can be transferred to an oxygen atom of
monodentate carbonate species in proximity of vanadia species.
These can react to CO and H,O via RWGSR, leaving a clean
surface site, which can then react with propane and create new
adsorbates or vacancies. This also explains the more significant
intensity increase in the defect region in the UV-Raman spectra
(see Fig. 4) under ODH conditions due to the possible depletion
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of surface adsorbates. This effect seems to occur to a similar
extent for both samples, which indicates that it is facilitated by
monomers or dimers, which are present in similar amounts for
both samples. However, since monomers cannot be fully
regenerated by CO,, dimers seem to be the most likely nucle-
arity. Since the total amount of monomers and dimers is much
higher in the 1.36 and 2.83 V nm > samples compared to the
0.57 Vnm > sample, this seems to be likely. This effect seems to
occur only for monodentate carbonate species, while bidentate
carbonate species may be too stable to participate in this
reaction.

At last, the changes in the intensity of the Ce-OH region
between the initial CO, and ODH conditions were quantified
(see Fig. 8d). Three peaks are observed at 3585, 3640, and
3680 cm™ ', which are assigned to vibrations of V-OH, Ce-OH II-
B, and Ce-OH II-A, respectively.®*”® The peak at 3620 cm *
(compare Fig. S117) is likely caused by the formation of H,O and
is therefore not further discussed. The V-OH bond exhibits an
intensity of zero for bare ceria, increases significantly for the
0.57 Vnm 2 sample, and then decreases gradually towards the
2.83 V nm~ > sample. This indicates, that the V-OH species is
less prevalent at higher loadings, where the shift towards the
direct participation of vanadia oxygen occurs, indicating a very
fast transfer to other oxygen sites at higher loadings. In
comparison, the peak located at 3640 cm ' originates from
a doubly bridged Ce-OH species in proximity to oxygen vacan-
cies. Since the amount of created oxygen vacancies during ODH
conditions increases with increasing vanadia loading, these
species also increase in concentration. Their intensity does not
correlate with the prevalence of PDR, by comparison with
Fig. 3f. Therefore, it seems likely that this Ce-OH species is
involved in different selective oxidation routes in addition to
Ce-H formation and the reaction with monodentate carbon-
ates. At last, the peak at 3680 cm™" originates from a doubly
bridged Ce-OH species on the clean ceria surface with no
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Fig.9 Mechanistic scheme of the CO,-assisted propane ODH over VO,/CeO,. Details regarding the role of the bare support and side reactions

are given in the text.
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vacancies in proximity. This species is especially reactive
towards further hydrogen,* which makes it a target for the
quick hydrogen transfer of hydrogen from the total oxidation
reaction. It can then be reduced from Ce-OH, to a vacancy and
water. This is in agreement with its intensity, which decreases
with increasing vanadia loading, in good agreement with the
decrease in total oxidation rate.

In summary, the spectroscopic results show that different
reactions occur on the VO,/CeO, surface (see Fig. 9), exhibiting
different reaction paths depending on the vanadia nuclearities.
First, after the pre-treatment, the catalyst surface is saturated
with mostly carbonate adsorbates and little surface oxygen
remains exposed. The main hydrogen transfer route towards
propylene is the hydrogen transfer to monodentate carbonates
or doubly bridged Ce-OH species in proximity of an oxygen
vacancy and a bulk Ce-H. The transfer is facilitated by the V=0
group of dimeric vanadia and ceria lattice oxygen is used as the
active oxygen site for the reaction. The combination of Ce-H
and Ce-OH that absorb the hydrogen, eventually leads to the
formation of H,O and oxygen vacancies which can be regen-
erated by CO,, which is shown schematically in Fig. 9. The
extent to which side reactions occur is nuclearity-dependent
and different reaction routes are involved. Due to the reduc-
tion and exposure to CO,, most of the catalyst surface is deac-
tivated by either stable carbonate species blocking surface
oxygen or vacancies. However, vacancies that are created on the
vanadia can be regenerated by the ceria lattice via oxygen spill-
over and vacancies in the ceria lattice can be regenerated via
CO, via carbonate species. For more details on the regeneration
and CO, activation mechanism of the reduced system, please
refer to the previous study on this system published by our
group.*® Fig. 9 summarizes the major findings in a mechanistic
scheme of the propane ODH reaction over the 1.36 V nm >
sample.

4. Conclusion

In this study, we addressed the CO,-assisted ODH of propane
over VO,/CeO, catalysts, by analyzing the complex reaction
network, identifying important structural features for the
different reactions occurring and elucidating a mechanistic
scheme by combining multiple operando and in situ methods.
To determine the influence of vanadia nuclearities on the
catalytic performance, differently loaded vanadia catalysts were
employed (0-2.5 V nm™?).

The catalytic activity of the samples under DDH conditions is
significantly higher and more selective than under ODH
conditions but is not stable, leading to catalyst deactivation.
Under ODH conditions, a stable performance is obtained,
which depends strongly on the pre-treatment conditions. A pre-
treatment in H, and CO, results in a partially reduced state of
the catalyst, which leads to the highest conversions for vanadia-
loaded catalysts. The reaction network is significantly influ-
enced by the vanadia surface density of the catalyst, while the
CO, conversions are significantly higher for all samples than
the propane conversions, caused by a significant amount of side
reactions. On bare ceria, the total oxidation of propane

© 2024 The Author(s). Published by the Royal Society of Chemistry
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dominates, while small amounts of cracking are observed. With
increasing vanadia loading, less total oxidation but more
cracking and PDR occurs. An especially sharp increase is
observed for the 2.83 V nm ™ > sample, which exhibits the highest
PDR rates but the lowest total contribution of side reactions.

As a result of the mechanistic analysis, different pathways
towards propylene and different active sites towards side reac-
tions were identified. For bare ceria, the total oxidation was
identified to occur via surface lattice oxygen, while the conver-
sion of propane is initiated by its adsorption onto the catalyst,
creating defect sites. Hydrogen is transferred directly to the
surface, and the subsequent transfer path of hydrogen deter-
mines the reaction pathway. Bridged Ce-OH species are highly
reactive towards further hydrogen, leading to total oxidation,
while the transfer to monodentate carbonates can lead to the
selective conversion towards propylene. Bidentate carbonates
are not affected by the hydrogen transfer. In comparison,
vanadia-loaded catalysts exhibit additional pathways compared
to bare ceria that lead to propylene formation, increasing the
selectivity. First, vanadia is able to transfer hydrogen from
propane to ceria, forming relatively stable bulk hydrides,
thereby removing hydrogen from the surface and decreasing the
prevalence of the total oxidation reaction. In addition, vanadia
is anchored to ceria surface oxygen, poisoning some of the
oxygen sites responsible for total oxidation. At the 2.83 V nm >
loading, a sharp increase in the PDR rate can be observed,
indicating a clear loading dependence of the catalytic behavior.
In addition, a shift from ceria oxygen to vanadia oxygen atoms
as the active site in propane conversion was observed via the F,
red-shift. At last, the reduced catalyst can be regenerated by
CO,, which is crucial for the stability of the catalytic perfor-
mance. This regeneration occurs via carbonate formation from
CO, and an oxygen vacancy on the surface, leading to lattice
oxygen regeneration. However, due to the high stability of the
carbonates and the high CO desorption barrier, surface sites are
blocked, explaining the reactivity difference between ODH and
DDH conditions.

To disentangle the nuclearity distribution and assign the
individual nuclearities to catalytic functions, the vibrational
vanadyl fine structure was analyzed. Monomeric vanadia, which
was previously described to interact with ceria oxygen vacan-
cies,* is able to move out of the vacancies at the elevated
temperatures required for CO,-assisted propane ODH, leading
to a less significant decrease in oxygen mobility compared to
lower temperatures, increasing the prevalence of total oxida-
tion. Furthermore, at 550 °C, an increased amount of trimers
are expected to be present on the surface due to their high
energetic stability.’® Based on this stability, they were previously
described to be observer species, which do not participate in the
reaction, which was confirmed for the CO,-assisted propane
ODH.*® Dimers instead of oligomers are the main hydrogen
transfer site during selective conversion and are able to transfer
hydrogen into the bulk, forming hydrides, and to transfer
hydrogen to monodentate carbonates, leading to RWGSR and
propylene formation. The presence of oligomers was shown to
lead to a significant contribution of PDR and a shift towards
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vanadia oxygen as the active oxygen site. This is likely caused by
the increased reducibility of these samples.®

Our results highlight the potential of combining multiple
operando and in situ methods to obtain detailed understanding
of the reaction mechanism of the CO,-assisted propane ODH,
which is an important reaction regarding CO, activation and
usage in chemical industry. While the VO,/CeO, catalyst shows
moderate CO,-ODH performance, its reaction mechanism as
well as the complex interplay between different vanadia nucle-
arities, the ceria surface and the bulk, as well as their relevance
for the occurrence of selective oxidation or side reactions were
understood in detail for the first time. This is of great impor-
tance for future developments, since ceria is a promising
material for the activation of CO,, while vanadia can be highly
active for propane activation. This catalyst is envisioned to be
part of a multi-oxide system that reduces catalyst deactivation
through carbonate formation, thereby leading to significantly
higher activities. Our methodical approach is readily transfer-
able to other systems of interest in the context of CO, activation
and contributes to a knowledge-based design of vanadia mate-
rials to replace highly toxic CrO, for CO,-assisted ODH
reactions.
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