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Investigation of the CO, Activation and Regeneration of
Reduced VO,/CeO, Catalysts Using Multiple In Situ

Spectroscopies

Leon Schumacher,” Marc Ziemba,® and Christian Hess*!

Ceria-supported vanadium oxide (VO,/CeQ,) is an important
catalyst for various oxidation reactions. Recently, vanadia has
emerged again as a less toxic alternative to CrO,-based catalysts
for the CO,-assisted oxidative dehydrogenation (ODH) of
alkanes. To establish a mechanistic understanding of catalyst
regeneration during CO, exposure, often described as the rate-
limiting step of these reactions, we investigated the regener-
ation of VO,/CeO, catalysts with different vanadia loadings
using multiple in situ spectroscopies, that is, multi-wavelength
Raman, UV-Vis, IR and X-ray photoelectron spectroscopy. Time-
dependent analysis reveals that ceria is only partially regen-
erated in the bulk but fully regenerated in the subsurface. At

1. Introduction

CO, is an undesirable greenhouse gas, which is emitted in
many industrial processes and significantly contributes to
climate change.™ One way to reduce emissions is to make
carbon-capture more viable by finding uses for abundant CO,
in industrial processes as a feed gas to produce value-added
products while reducing atmospheric CO, concentrations,*™®
including chemical processes like methanol synthesis™ or CO,-
assisted selective alkane oxidations.” The use of CO, instead of
O, can even further improve processes, due to its high heat
capacity, leading to a more homogeneous temperature distri-
bution within the reactor and decreasing the flammability of
some reactions, thus facilitating the scale-up.”'® However, due
to its thermodynamic stability the activation of CO, requires
high temperatures."'? Thus, there is a need for development
of suitable catalysts, facilitating the use of CO, as oxidizing
agent.

An important class of catalysts for oxidation reactions is
supported VO, which is often used in the oxidative
dehydrogenation (ODH) of alcohols and short alkanes with O,
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the surface, stable carbonates form at vacancies, which are able
to regenerate the lattice and deactivate ceria surface oxygen.
The VO,/Ce0, samples show a loading-dependent behavior,
with low-loaded samples regenerating vanadia only partially,
due to the high concentration of monomers, while at higher
loadings, vanadia can be almost fully regenerated due to the
higher nuclearities being thermodynamically more stable. Ceria
is regenerated faster than vanadia, indicating that vanadia
regenerates by oxygen spill-over from the ceria lattice. Our
results provide important mechanistic insight into CO, activa-
tion over supported vanadia catalysts, which is of great
relevance for CO,-assisted ODH reactions.

as the oxidizing agent.">'® For alkanes, the CO,-assisted ODH
has been shown to be of interest for technical applications,
since alkane oxidation requires comparably high temperatures,
while alcohols would be fully oxidized at the temperatures
required for CO, activation."”?" In addition, the ODH of short
alkanes is of great interest to meet the high and further
increasing demand for ethylene and propylene.”” Regarding
CO,-assisted propane ODH, CrO, has been intensively inves-
tigated due to its high activity.??*?? However, due to the
toxicity of chromium a substitution with a different catalyst
system is highly desirable.””” Supported vanadia has recently
gained attention as a potential substitute since its activity and
properties can be fine-tuned by the choice of the support
material, influencing the vanadia structure.?**”

One of the most active support materials for vanadia in
regard to oxygen mobility is ceria,*®3? which is also an
established material for other reactions requiring CO, activation
such as the reverse water-gas shift reaction (rWGSR),**** the
electro-reduction of CO,® or methanol synthesis.***” As oxy-
gen mobility is a key factor for alkane ODH,***" ceria is a
promising vanadia support material for CO,-assisted propane
ODH, but has not been studied for its use in this reaction. The
re-oxidation step becomes often rate-limiting in systems with
less active supports (e.g. SiO, or Al,O;), which may lead to
insufficient re-oxidation and, as a consequence, to a strong
reduction of the catalyst, enabling unselective reaction path-
ways to occur, such as propane dry reforming (PDR) or cracking,
thereby decreasing the propylene yield."**** Coking can
even lead to a full deactivation of the catalyst.”>**** Therefore,
understanding and improving the re-oxidation process is highly
important to improve CO,-assisted catalysis. The combination of
vanadia and ceria might omit these problems, since CeO, is
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described as a good CO, activator,® while vanadia has
previously been described to enhance CO, activation and re-
oxidation while actively participating in the redox cycle during
propane ODH on other supports (e.g. In,0,)."** However,
open questions encompass the nature of the re-oxidation
pathways, the role of the ceria support, as well as the
dependence on vanadia nuclearity.

This study aims at elucidating the re-oxidation behavior of
reduced VO,/Ce0, in detail, by combining multiple in situ and
quasi insitu methods measured over 16 h during catalyst
regeneration. For a detailed understanding of bulk, subsurface
and surface processes, we applied multi-wavelength Raman,
UV-Vis, X-ray photoelectron and diffuse reflectance IR Fourier
transform (DRIFT) spectroscopy. The use of multi-wavelength
Raman spectroscopy allows for a dedicated investigation of the
ceria support and the active vanadia phase by selective
intensity enhancement caused by resonance effects. Our
findings provide new mechanistic insight into CO, activation
over vanadia-based catalysts and establish an experimental
basis to understand the re-oxidation process on a molecular
level.

Experimental Section

Catalyst Preparation

The ceria support was prepared by two-fold calcination of
cerium(lll) nitrate hexahydrate (>99.99%, Sigma Aldrich) at 600°C
for 12 h, after heating from room temperature to 600°C using a
rate of 1.5°C/min, as described previously.?? The ceria was loaded
with vanadia by incipient wetness impregnation. Three different
loadings were prepared by mixing 1g of ceria with 0.5 mL of
different-concentration precursor solutions (1.07 mol/L, 0.51 mol/L,
and 0.21 mol/L) containing vanadium(V) oxytriisopropoxide (>
97 %, Sigma Aldrich) and 2-propanol (99.5%, Sigma Aldrich). The
specific surface area of bare ceria was determined to be 61.4 m%g
by nitrogen physisorption experiments and the use of the
Brunauer-Emmett-Teller (BET) method, yielding vanadium loadings
of 2.83V/nm? (2.32wt% V,0,), 1.36 V/nm? (1.11 wt% V,0,), and
0.57 V/nm? (0.47 wt % V,0s), respectively. Higher vanadium loadings
were not considered since vanadia crystallites were shown to be
present at loadings >2.9 V/nm2"¥ The resulting catalyst powders
were subsequently pressed at a pressure of 2000 kg/m?* for 20s,
ground and then sieved using a combination of sieves to obtain
200-300 um particles.

Gas Treatment

The samples were first dehydrated in 12.5% O,/He at 365 °C for 1 h.
For in situ experiments (UV-Raman, Vis-Raman, UV-Vis), the samples
were then heated to 550°C under the same gas feed (oxidative
conditions) and after 30 minutes of equilibration a spectrum was
recorded. Consecutive treatments consisted of 7.5% H,/Ar (reduc-
tive conditions) and 12.5% CO,/He (regenerative conditions) at
550°C. A spectrum was recorded after 30 minutes of equilibration
in H,, while under CO, atmosphere, spectra were recorded after 30,
60, 90, 120, 150, and 960 minutes to follow the regeneration
process. For the quasi in situ measurements (XPS, DRIFTS), the same
procedure was applied but the samples were cooled down to room
temperature in pure helium before spectra were recorded and the
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regeneration process was followed only for the first 30 minutes.
The total flow rate during all measurements was 40 ml/min.

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
doubled to 385 nm using a LiB;O; 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 spectrometer
(Princeton Instruments, TriVista 555).¢ Finally, the Raman contribu-
tion was detected by a charge-coupled device (CCD, 2048512
pixels) cooled to —120°C. The spectral resolution of the spectrom-
eter was 1cm™'. 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 Figure S6).

Vis-Raman Spectroscopy

Visible (Vis) Raman spectroscopy was performed at 514 nm
excitation, emitted from an argon-ion 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, 1024x256 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 a cosmic ray removal and an auto new
dark correction. The vanadyl areas were quantified by integration
using OriginLab, while the nuclearity distribution was determined
by performing a least-square fitting analysis using five Lorentzian
functions at distinct spectral positions. The F,; mode was fitted
without any positional restrictions due to the possible occurrence
of red-shifts.

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 put in the
commercially available reaction cell (Praying Mantis High Temper-
ature Reaction Chamber, Harrick Scientific) equipped with trans-
parent quartz glass windows. The band gap energies were
determined using Tauc plots, while the reduction peak area was
quantified by a least square fitting analysis of the spectra using
Gaussian-Lorentzian (70/30) product functions to account for the
large contribution of natural line broadening (Lorentzian) to the
overall line-shape, caused by the short life-time of the electronically
excited states.*”

X-Ray Photoelectron Spectroscopy

X-ray photoelectron (XP) spectra were recorded on a modified LHS/
SPECS EA200 MCD system described previously.”®>? The XPS
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system was equipped with a Mg Ka source (1253.6 eV, 168 W); the
calibration of the binding energy scale was performed with
Au 4f,,,=84.0 eV and Cu 2p;,,=932.67 eV signals from foil samples.
To account for sample charging, the C 1s peak of ubiquitous carbon
at 284.4 eV was used to correct the binding energies. Detailed
spectra were recorded at a resolution of 0.1 eV. The X-ray satellite
peaks due to the use of a non-monochromatic source were
subtracted from the spectra. The deconvolutions of the spectra
were performed analogously for all measurements using Gauss-
Lorentzian product functions (30/70). The background was sub-
tracted by the Shirley method.

For determination of surface compositions, peak areas were
corrected with the corresponding relative sensitivity factors, i.e., 10
for the Ce 3d, 0.66 for the O 1s and 1.3 for the V 2p,, signal.®”

Diffuse Reflectance Infrared Fourier Transform Spectroscopy

DRIFT spectra were recorded on a Vertex 70 spectrometer (Bruker),
equipped with a liquid nitrogen-cooled mercury cadmium telluride
(MCT) detector, operating at a resolution of 1 cm™. Dehydrated
potassium bromide was used as an infrared transparent sample for
the background spectrum. For each experiment, 90 mg of the
catalyst was placed in the reaction cell (Praying Mantis High

Temperature Reaction Chamber, Harrick Scientific) equipped with
transparent KBr windows. Data processing consisted of background
removal by subtraction of a baseline formed by 12 anchor points.

2. Results and Discussion

The results of an extensive structural characterization of the
same series of samples as used in this study were described
previously in detail and include analysis of the specific surface
area, XRD analysis, as well as a detailed analysis of the
temperature-dependent reduction behavior using multiple
in situ spectroscopy analysis, including XPS analysis™"***¥ Fig-
ure 1 shows in situ UV-Vis spectra of bare ceria and the 1.36 V/
nm? sample at 550°C under oxidative and reductive conditions,
as well as after different times of CO, exposure. The band gap
energy shifts and the reduction peak area (between 500 and
800 nm) was quantified (see Experimental Section) and is
summarized in Figure 1c and d, respectively. The corresponding
in situ UV-Vis spectra of the 0.57 and 2.83 V/nm? samples are

(a) CeO, (b) 1.36 V/inm?
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Figure 1. In situ UV-Vis spectra of (a) bare CeO, and (b) the 1.36 V/nm? sample recorded under different gas feeds at 550 °C. The used Raman excitation
wavelengths are indicated. The (c) band gap energy shifts and (d) reduction peak area was determined using Tauc plots and a least-square fit analysis (see

Experimental Section), respectively.
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given in the Sl (see Figure S1). For clarity, the spectra recorded
in 12.5% CO,/He after 90 and 150 minutes are not shown.

Figure 1a shows the UV-Vis spectra of bare ceria. The UV-
region is dominated by features at 260 and 330 nm caused by
band gap absorption from ceria (O 2p to Ce 4f transitions).?**"
Raman spectroscopy was performed at the two indicated
excitation wavelengths, allowing for selective resonance
enhancement of ceria (by using 385 nm excitation) and vanadia
(by using 514 nm excitation), as will be discussed below."*"*®
Upon switching from oxidative to reductive conditions, an
additional broad band is observed at around 633 nm, which
originates from charge transfer from Ce®* to Ce*" indicative of
ceria reduction.””*® Additionally, during this switch, the band
gap energy shows a significant blue-shift. This is notable since
ceria reduction typically induces a red-shift caused by the
presence of additional reduced states being created in the
band gap.® However, in addition to the shift, the band around
633 nm, which is indicative of reduced states, increases
significantly. Such a behavior was previously observed to blue-
shift the apparent band gap determined from Tauc plots due to
the additional absorption,”" and is confirmed under regener-
ative conditions, where the 633 nm band declines and the band
gap gradually red-shifts over time (both indicating re-oxida-
tion).

The UV-Vis spectra of the 1.36 V/nm? sample show similar
transitions as those of bare ceria (see Figure 1b), indicating the
dominance of bulk ceria contributions. These overlap with
ligand-to-metal-charge transfer (LMCT) transitions of short-
chain vanadia species.®™™ Under reductive conditions a very
broad additional band around 775 nm, caused by d-d transi-
tions of reduced vanadia states, can overlap with the broad
ceria reduction band around 633 nm,®" leading to an increase
in the absorption within 500-800 nm. To better understand the
changes of the band gap energy and reduction peak intensity,
a quantification using Tauc plots® and a least-square fitting
procedure (see Experimental Section) was applied, respectively
(see Figure 1c and d). Note that in Figure 1c and d, the zero
point on the abscissa was shifted to the beginning of the
regeneration of the reduced sample with CO.,.

As shown in Figure 1¢, the band gap energies for all
samples show a similar trend, characterized by a significant
blue-shift under reductive conditions and a gradual red-shift
during CO, exposure. A comparison of band gap energies
reveals that bare ceria is characterized by the highest band gap
but the lowest shift upon switching from oxidative to reductive
conditions, whereas the observed shift increases with increasing
vanadium loading. This is in agreement with our previous
results on the reduction behavior of the VO,/CeO, samples.*?
The regeneration of the sample occurs only partially, as the
band gap is still shifted after 16 h of regeneration in CO,
compared to oxidative conditions. Bare ceria is closest to a fully
regenerated state, while the vanadia-loaded samples are more
reduced.

Figure 1d depicts the peak area resulting from ceria and
vanadia reduction for bare ceria and vanadia-loaded samples.
The loading-dependent behavior of the reduction peak area is
inverted to that of the band gap energy, further indicating that
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the band gap energy behavior is caused by the significant
intensity of the reduction peak, consistent with our previous
results.*"” The reduction peak shows a strong intensity increase
under reductive conditions for all samples (Figure 1a and b
between 600-800 nm). Ceria exhibits the smallest increase,
which is caused by the fact that ceria shows only Ce** — Ce**
transitions, while vanadia is also subject to d-d transitions. More
d-d transitions of vanadia are observed with increasing vanadia
loading under H, conditions, leading to a generally higher
intensity in the reduction region with increasing vanadia
loading, indicating more reduced vanadia species. Under
regenerative conditions, the reduction peak intensity of bare
ceria significantly decreases significantly throughout the first
hour and then slows down, leaving ceria partially reduced after
16 h, which indicates that Ce®" states are still present in the
ceria bulk. The 0.57 V/nm” sample shows a similar behavior as
bare ceria, while the 1.36 V/nm®> sample exhibits a more
constant regeneration rate with a slower initial regeneration.
The 2.83 V/nm? sample shows the most significant deviation
from this behavior. For the first 30 minutes, a plateau in the
reduction peak intensity is observed, which then decreases
faster than for the other samples. After 16 h, bare ceria shows
the lowest reduction peak intensity, while the other samples
show an increasing intensity with increasing vanadia loading.
However, the difference between the 0.57 and 1.36 V/nm?
sample after 16 h is very small. The observed behavior after
16 h may indicate that either vanadia is reduced or that ceria is
still reduced due to slowed bulk regeneration caused by the
presence of vanadia. However, all samples are partially regen-
erated by CO,, leading to a lower intensity of the reduction
peak caused by a decrease in the number of Ce*" and V*™4*
states.

To gain further insight into the subsurface/bulk re-oxidation
of the samples and to differentiate between ceria and vanadia
contributions, Vis-Raman spectroscopy (514 nm excitation) was
performed under the same conditions. Figure 2 depicts in situ
Vis-Raman spectra of bare ceria and ceria-loaded vanadia at a
loading density of 1.36 V/nm” under oxidative, reductive and
regenerative conditions at 550°C. The changes in the F,
position and the vanadyl area were quantified for all four
samples and are given in Figure 2c and d, respectively. The
corresponding in situ Vis-Raman spectra for the 0.57 and 2.83 V/
nm? sample are given in the Sl (see Figure S2). For clarity, the
spectra recorded in 12.5% CO,/He after 150 minutes are not
shown.

As can be seen in Figure 2a, the intensity of the spectra
decreases significantly under reductive conditions. The spec-
trum under oxidative conditions shows peaks at 245, 405, 455,
590, and 1170 cm™', which originate from the 2TA phonon, the
transversal Ce—O surface phonon, the F,; mode, the defect
region (contributions from Ce** and oxygen vacancies), and the
2L0 phonon, respectively.?2%*¥ Relevant spectral changes
under reductive conditions (besides the general decrease in
intensity) include the shift of the F,y peak as an indicator for
ceria reduction as well as the occurrence of a peak at
1064 cm™', which would be consistent with Ce—H bonds of bulk
hydrides, indicating significant bulk reduction.®” This reduction
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Figure 2. In situ Vis-Raman (514 nm excitation) spectra of (a) bare ceria and (b) the 1.36 V/nm? sample recorded under different gas feeds at 550°C. The insets
give an enlarged view of the region between 200 and 1300 cm ™. Quantification of the (c) F,, shift and (d) vanadyl peak. CeVO, was only detected for the

2.83 V/nm? sample (see Figure S2).

is still prominent after 16 h of regeneration with CO,. While this
peak position would also be consistent with the presence of
carbonate, such an assignment can be safely ruled out, due its
appearance during exposure to 7.5% H,/Ar, that is, in the
absence of CO,.

The Vis-Raman spectra of the 1.36 V/nm? sample, shown
in Figure 2b, are dominated by ceria contributions but
additional peaks due to the presence of vanadia are located
at 860, 920, and within the vanadyl region, the position of
which varies depending on the loading (1008-1020 cm™).
These signals are assigned to anchoring V—O—Ce, bridging
V—0-V and terminal V=0 bonds.”® In addition, two peaks at
780 and 851 cm™' are detected for the 2.83 V/nm? sample
(see Figure S2b), which are indicative of CeVO, formation.!*>¢%
Due to the resonance enhancement of the vanadia species at
514 nm excitation (see Figure 1), a fine structure of the
vanadyl peak can be observed in the Vis-Raman spectra,
which will be discussed separately below (see Figure 3).”
The F,, and Ce—H peaks show a similar behaviour for the
vanadia-loaded sample as for bare ceria. The vanadyl peak
fully disappears under reducing conditions and gradually
increases in intensity under regenerative conditions.

For detailed analysis, the F,, red-shift and the vanadyl
intensity were quantified (see Figure 2c and d). The red-shift
of the F,, peak is caused by the presence of Ce** ions in the
lattice as a result of reduction, which distort the lattice due
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to their larger diameter compared to Ce** ions.>* Therefore,
under reductive conditions, the F,; mode of all four samples
shows a significant red-shift. Ceria exhibits the smallest shift
of ~2cm™, while the red-shift increases with increasing
vanadia loading up to 4 cm™' for the 1.36 V/nm? sample, but
then decreases again for the 2.83 V/nm? sample (2cm™).
During the first 30 minutes of regeneration, the F,; peak
shows a strong blue-shift for all samples, and then stays
almost constant for the following 16 h. Overall, ceria seems
to be fully re-oxidized in the subsurface when regenerated
with CO,, appearing even more oxidized than under O,
atmosphere. A similar behavior is observed for the 2.83 V/
nm? sample. The F,, positions of the 0.57 and 1.36 V/nm’
samples also recover significantly during the initial 30 mi-
nutes but then show a further continuous shift for 2 h, until a
constant value is reached that is blue-shifted compared to
the initial position. These differences in behaviour between
the vanadia samples may originate from the different vanadia
nuclearities, which have previously been shown to have
loading-dependent functionalities.*'*>¢*¢7% A comparison of
the UV-Vis and Vis-Raman spectroscopic results reveals differ-
ences regarding the re-oxidation behavior (see above). The
fact that the F, peak returns to its initial position after 16 h,
while the UV-Vis reduction peak area has only partially
recovered, is likely caused by the increased 514 nm absorp-
tion of a partially reduced catalyst (see Figure 1), decreasing
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Figure 3. (a) Vanadyl fine structure from Raman spectra (514 nm excitation) of vanadia-loaded samples recorded during exposure to 12.5% O,/He at 550 °C.
The positions of the individual nuclearities are marked. (b) Nuclearity distribution of the vanadia-loaded samples based on a peak-fit analysis.

the information depth of Vis-Raman as compared to UV-Vis
spectra.

Figure 2d shows the integrated areas of the vanadyl peak
and of CeVO, which was only observed for the 2.83 V/nm?
loading. The presence of CeVO, is expected as its formation is
favored at high loadings, elevated temperatures and under
reducing conditions.®***% The vanadyl peak almost fully
disappears for all vanadia-loaded samples under reducing
conditions. The V=0 peaks of the 0.57 and 1.36 V/nm? samples
barely regenerate for the first 2 h, while at the same time, ceria
is strongly re-oxidized (see Figure 2¢), indicating that the
regeneration of the ceria bulk is favorable. Afterwards, the V=0
peaks regenerate gradually, but even after 16 h, vanadia is still
partially reduced. This behavior is more pronounced for the
0.57 V/nm? sample, while the vanadyl intensity of the 1.36 V/
nm? sample almost fully recovers its initial intensity. The
observed differences may be caused by the different surface
compositions of the catalysts, as will be explored in more detail
below (see Figures 3-5). For the 2.83 V/nm? sample, the vanadyl
peak regenerates slowly. After 16 h, only 22% of the initial
vanadyl area is regenerated. Additionally, a prominent CeVO,
peak is observed, indicating the predominant formation of
CeVO, during the regeneration process. The Raman results for
the vanadia-loaded samples (see Figure 2d) are in good agree-
ment with the UV-Vis results (see Figure 1d), as the reduction
peak was observed to be more intense for vanadia-loaded
samples than for bare ceria after 16 h. Vis-Raman spectra
indicate that this difference originates to a significant degree
from the presence of partially reduced vanadia. The slow
regeneration of the 2.83V/nm? sample, as observed by a
decrease in UV-Vis reduction peak area, is likely caused by the
delayed formation of CeVO,, re-oxidizing the vanadia.

The vanadyl fine structure is used to quantify the nuclearity
distribution of the surface vanadia species. To this end,
Figure 3a depicts the vanadyl region of Vis-Raman spectra
recorded at 514 nm excitation at 550°C under 12.5% O,/He
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conditions compared to bare ceria. Figure 3b shows the
nuclearity distribution as a function of vanadium loading based
on a peak-fitting analysis (see Experimental Section). The
marked positions in Figure 3a represent different nuclearities,
whereby the positions may vary by ~1 cm™' as they depend on
the exact structural environment. The fine structure is caused
by dipole-dipole interactions between V=0 groups of one
species. The dipole-dipole interaction leads to a blue-shift of
the V=0 vibration, which increases the more vanadia, the larger
the vanadia structures. This behavior allows the assignment of
different chain lengths as already established in the
literature.*'**”! For the vanadyl fine structure displayed in
Figure 3a, peaks are observed at 1003, 1011, 1017, 1029, and
1038 cm™', which originate from the V=0 stretching vibration
of monomeric, dimeric, trimeric, tetrameric and oligomeric
vanadia.*"**¥"! It is assumed that the nuclearity distribution may
only be varied by sintering, for which there is no evidence.””
Also, there has been no indication for gas-phase dependent
changes in the nuclearity distribution.

According to Figure 3b, the vanadyl signal of the 0.57 V/
nm? sample is dominated by monomeric and dimeric
contributions, while the 1.36 and especially the 2.83 V/nm?
samples display a sharp focus around trimeric species, which
are (except for hexameric rings) the most stable
nuclearity.®®* The number of monomeric vanadia species
decreases with increasing vanadia loading while oligomeric
species (nuclearities >4) are most abundant on the 2.83 V/
nm? sample. These differences in the nuclearity have
previously been shown to result in a different reactivity
behavior. For example, dimers and oligomers facilitate the
hydrogen transfer and therefore catalyst reduction, while
monomers can interact with surface oxygen vacancies.*®
Furthermore, ceria surface lattice oxygen in proximity to
vanadia structures is more easily reduced than surface lattice
oxygen of bare ceria. However, this effect depends on the
nuclearity and is most pronounced for dimers and least for
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subsequent cooling to room temperature in He. (c) The carbonate area between 1200 and 1800 cm ™' was quantified based on the data recorded after
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trimers due to their high stability.*®**" This
increased reduction of the 0.57 and 1.36 V/nm

explains the
2 samples (see

Figure 2c) and the decreased reduction of the 2.83 V/nm?
sample due to the abundant amount of stable trimers.
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Furthermore, the re-oxidation of reduced vanadia species
may also depend on the nuclearity. To this end, monomers
were previously shown to interact with surface oxygen
vacancies in their proximity.”'*>¢® While a facilitated recovery
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may be expected at elevated temperatures, fully/partially
reduced monomers were recently shown not to be fully
regenerated by ceria lattice oxygen or gas-phase CO, due to
their thermodynamic stability.”” However, since a fully
oxidized dimer or trimer is thermodynamically significantly
more stable than a monomer, full re-oxidation of these
species might occur. This is evidenced by the regeneration of
the vanadyl intensity (see Figure 2d), where the 0.57 V/nm?
sample becomes only partially re-oxidized after 16 h but the
1.36 V/nm? sample is almost fully regenerated due to the
presence of higher nuclearities. The 2.83V/nm? sample
cannot be directly compared to these samples due to the
additional transformation of VO, to CeVO,.

To further investigate the nuclearity-dependent regenera-
tion behavior, quasi insitu XP spectroscopy, that is, XP
spectroscopy after different gas exposures without exposure to
air, was applied to determine the vanadium oxidation state in
the 0.57 and 1.36 V/nm? samples. Figure 4 shows the V 2p;,
and O 1s photoemissions of the 0.57 and 1.36 V/nm? samples
after a 30 min exposure to oxidative and regenerative con-
ditions and subsequent transfer to the analysis chamber. The
spectra of the V 2p,;, region were fitted using three
components (see Experimental Section), resulting in the distri-
bution of vanadium oxidation states summarized in Table 1.
Under oxidative conditions, the two samples show a very similar
behavior and a higher oxidation state than under the same gas
feed at 275°C, as shown previously.®? After reduction and
subsequent re-oxidation of the samples, the V 2p;, photo-
emission regions of the two samples show significant differ-
ences, consistent with the previous proposition of a nuclearity-
dependent re-oxidation behavior. For the following discussion,
the amount of V°* species during reductive conditions is
assumed to be zero since V°" species could not be observed in
Vis-Raman spectra. For the 0.57 V/nm? sample, only a small
amount of V°* species is regenerated, while most species are
present in the partially oxidized V** state, but V** species are
also observed. This behavior is in very good agreement with
previous DFT results on the regeneration of monomeric VO, on
CeO, using CO,, where a re-oxidation from fully reduced to
partially reduced was shown to be favored over full re-
oxidation,”"” which is also visible from the reduced average
oxidation state of 3.8 after regeneration (see Table 1). In
contrast, the 1.36 V/nm? sample, due to the facilitated re-
oxidation of higher nuclearities, is fully regenerated after 16 h,
without significant difference in average oxidation state after

Table 1. Distribution of oxidation states of the 0.57 and 1.36 V/nm?

oxidative and regenerative gas treatments. Previously observed
V** has possibly experienced disproportionation to V** and
V°*, which may explain the shifts in the relative contributions of
each oxidation state (see Table 1). This further supports the
presence of different re-oxidation pathways depending on
vanadia nuclearity.®®’" To emphasize that the low signal in the
V 2p;, region is caused by the presence of vanadia, a
comparison of all four samples under O, atmosphere based on
the XP survey spectra is given in the Sl (see Figure S3).

Figure 4b and d show the corresponding O 1s photo-
emission regions of the 0.57 and 1.36 V/nm? samples. The initial
position of the maximum of the O 1s region at ~531 eV is in
agreement with ceria bulk oxygen, but there may be small
contributions from VO,.”>’ After reduction and re-oxidation,
the O 1s peak of the 0.57 V/nm? sample shows a significant red-
shift by 1.2 eV-529.5 eV, which was previously associated with
the formation of defects interacting with lattice oxygen.’*”
However, recent DFT calculations have shown the red-shift to
originate from the formation of adsorbates, mainly Ce—OH and
carbonates, rather than the presence of Ce®*." This effect is
also observable for the 1.36 V/nm® sample but to a lesser
extent, indicating that adsorbates might form during the
regeneration process.

To gain further insight into the nature of the adsorbates,
the O/Ce ratio was determined based on a fitting analysis of the
Ce 3d and the O 1s photoemissions. From Table 2 it can be
seen, that the amount of carbon on the surface increases
significantly for both samples between the initial oxidizing and
the regenerative conditions, as does the O/Ce ratio. Both
findings are indicative of carbonate formation.

To identify adsorbates and to compare their surface
concentrations DRIFT spectra were recorded. Figure 5 shows
quasi in situ DRIFT spectra of bare ceria and ceria loaded with
1.36 V/nm? after exposure to 30 min of oxidative, reductive, and
regenerative conditions at 550 °C. The changes observed in the
carbonate region between 1200 and 1800 cm™' were quantified
for all four samples (see Figure 5c¢). The quasi in situ DRIFT
spectra for the 0.57 and 2.83 V/nm? samples are given in the SI
(see Figure S4).

Figure 5a shows the quasi in situ DRIFT spectra of bare ceria.
Between oxidative and regenerative conditions, a significant
increase of the intensity in the region between 1200 and
1800 cm™' can be observed, where signals of carbon-based
adsorbates (e.g. carbonates, formates) occur.”*” Besides, the
formation of formates is confirmed by the appearance of a
pronounced peak at ~2880 cm™' under CO, exposure (not

samples after exposure to oxidative (12.5% O,/He) and regenerative (after Table 2. Surface composition of the 0.57 and 1.36 V/nm? samples after
reduction in 7.5% H,/Ar; 12.5% CO,/He) conditions based on a fitting exposure to oxidative (12.5% O,/He) and regenerative (after reduction in
analysis of the V 2p,,, region (see Figure 4). 7.5% H,/Ar; 12.5% CO,/He) conditions based on XPS analysis.

Sample Ve VAt V3T Average Sample Ce 3d O1s V 2p,), Cls 0O/Ce
0.57 V/nm? O, 0.68 0.27 0.05 4.63 0.57 V/nm? O, 0.30 0.58 0.04 0.08 1.91
0.57 V/nm? CO, 0.08 0.64 0.28 3.80 0.57 V/nm? CO, 0.11 0.36 0.01 0.52 348
1.36 V/nm? O, 0.72 0.18 0.10 4.62 1.36 V/nm? O, 0.25 0.61 0.04 0.10 2.54
1.36 V/nm? CO, 0.86 0.00 0.14 4.72 1.36 V/nm? CO, 0.16 0.49 0.04 0.31 3.11
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shown), which is accompanied by a decrease of Ce—OH signals
between 3600 and 3700 cm™'. Surface hydroxyl groups are
likely consumed as water during the reduction and the
corresponding sites may be re-oxidized by CO, to carbonates.”?
An increase in carbonates/formates is consistent with the XPS
results discussed above and probably causes a partial deactiva-
tion of the ceria surface due to the high desorption barrier of
CO after the lattice is regenerated.”"” For the 1.36 V/nm? sample
(see Figure 5b), similar changes can be observed between the
oxidative and regenerative gas phase. However, the intensity
increase in the carbonate region is not as pronounced, which is
explained by the presence of vanadia anchored to some of the
surface lattice oxygen.”"® The carbonates are more likely to
regenerate the ceria lattice first, before vanadia is regenerated
by ceria due to oxygen spill-over.”” This is in agreement with
previous DFT studies, according to which ceria is the oxygen
buffer that keeps vanadia oxidized to V°* M6 Dijract
oxidation of VO, by CO, may proceed towards a partially
oxidized state for monomers and a fully oxidized state for
higher nuclearities, as discussed above.®®®’" However, based
on the observed time delay between ceria and vanadia
regeneration, oxygen spill-over seems to be the dominant path
of regeneration, consistent with the finding from theory that
ceria keeps vanadia in oxidation state + V.

Figure 5¢ shows the integrated carbonate signal for bare
ceria and vanadia-loaded samples. A linear decrease in the
carbonate area with increasing vanadia loading is observed,
indicating that the anchoring of vanadia blocks surface lattice
oxygen. Since ceria lattice oxygen is regenerated by CO, via
carbonates™*7" and the lattice subsequently re-oxidizes the
VO,, the time delay between ceria and vanadia re-oxidation
can be readily explained (see Figures 1 and 2). The lower
number of possible carbonate formation sites with higher
vanadia loading also explains the differences in the F,, blue-
shift between bare ceria and the 057 and 1.36 V/nm?
samples. There, ceria fully regenerates within the first
30 minutes, while the other two samples regenerate only
partially over the first 30 minutes and then continue with
their regeneration for 2 h in total (see Figure 2c). The 2.83 V/
nm? sample is not fully comparable to these samples due to
the formation of CeVO, which likely follows a different
regeneration mechanism. However, the F,; peak is still blue-
shifted after regeneration compared to the initial oxidative
conditions, indicating that the samples are more oxidized
after reduction in H, and regeneration in CO, than under O,/
He exposure. In addition, the samples exhibit a partially
reduced bulk after 16 h of regeneration (see Figure 1d).

To investigate this phenomenon in more detail, UV-Raman
spectra were recorded. Due to the high absorption of ceria at
385 nm, UV-Raman spectroscopy is selective to the ceria
support, due to resonance effects at this wavelength, enabling
the detailed investigation of the surface/subsurface region.
Figure 6 shows in situ UV-Raman spectra of bare ceria and ceria
loaded with 1.36 V/nm? under oxidative, reductive, and regener-
ative conditions after different exposure times. The changes
observed in the spectra were quantified for all four samples and
are summarized in Figure 4c and d, respectively. The corre-
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sponding in situ UV-Raman spectra for the 0.57 and 2.83 V/nm?
samples are given in the SI (see Figure S5). For clarity, the
spectra recorded in 12.5% CO,/He after 150 minutes are not
shown.

As shown in Figure 6a, the observed UV-Raman peaks for
bare ceria resemble those observed in the Vis-Raman spectra
(see Figure 2). However, due to the increased surface sensitivity
and resonance enhancement, the transversal Ce—O surface
phonon and the defect region of ceria is detected with
significantly higher sensitivity,“"*? allowing the surface oxygen
dynamics to be discussed in more detail. The Ce—O surface
phonon almost fully disappears upon switching from oxidative
to reductive conditions and then gradually reappears during
regeneration. In comparison, the intensity of the defect region
first increases significantly during reductive conditions, as
expected, and then decreases below its initial intensity during
regenerative conditions. This is likely caused by CO,-induced
carbonate formation oxidizing previously existing as well as
newly formed defects, thereby regenerating the surface to a
higher degree than would be possible under O,. The changes
discussed for bare ceria are also observable for the vanadia-
loaded samples (see Figures 6b and S4).

To quantify the changes observed in the UV-Raman
spectra, a fitting analysis was performed (see Experimental
Section). An exemplary fit for the 0.57 V/nm? sample under
oxidizing, reductive, and regenerative conditions is shown in
the SI (see Figure S6). The quantification results are summar-
ized in Figure 6¢ and d for the topmost layer of ceria lattice
oxygen and the defect region, respectively. The Ce—O surface
phonon intensity first decreases for all samples under
reductive conditions and then regenerates partially during
CO, exposure, indicating that less Ce—O surface oxygen is
present in the topmost ceria layer after regeneration. The
initial reduction and regeneration is most significant for bare
ceria and the 0.57 V/nm? sample and to a lower extent for the
1.36 and 2.83V/nm? samples, as the number of surface
Ce—O—Ce sites is reduced when vanadia is anchored to the
support during impregnation.

The quantification of the defect region shows an intensity
increase for all samples under reductive conditions (see Fig-
ure 6d), which is most pronounced for the 0.57 and 1.36 V/nm?
samples. Most significantly, after 16 h, the defect intensity
decreases below the intensity under oxidizing conditions for all
samples, indicating that the samples are more oxidized after
regeneration. Since at the same time the Ce—O surface phonon
intensity decreases, this behavior can only be explained by the
reaction of CO, to carbonate, consuming an oxygen vacancy.
Such a process has no influence on the regeneration of Ce—O
surface lattice oxygen (explaining the decrease) but consumes
defect sites, thus oxidizing Ce** to Ce**, which results in a blue-
shift of the F,; mode (see Figure 2¢). Since CO, can consume
more vacancies than O,, less Ce*" states are present, leading to
a blue-shift of the F,; mode when compared to the oxidizing
conditions, which makes the proposed re-oxidation process
fully consistent with all spectroscopies performed in this study.
Figure 7 summarizes the results in a mechanistic scheme.
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3. Conclusions

In this study, we investigated the CO, activation and re-
oxidation process of differently loaded VO,/CeO, catalysts from
a mechanistic point of view, thereby also establishing a basis
for catalytic applications like CO,-assisted ODH reactions. Multi-
ple insitu methods including UV-Vis and multi-wavelength
Raman spectroscopy, supported by quasi in situ DRIFTS and
XPS, were used to elucidate both bulk and surface processes.
Throughout the re-oxidation in CO, atmosphere for 16 h, in situ
spectroscopy was continuously performed to gain insight into
the time-dependent regeneration behavior.

After reduction and 16 h of regeneration using CO,, the
ceria bulk showed only partial re-oxidation. However, closer to
the surface, regeneration seemed to be fully achieved for ceria,
as the F,, position indicated an even higher degree of oxidation
after regeneration than under the initial O, conditions. Vanadia
was regenerated on a slower time scale than ceria and could
only be partially re-oxidized within the investigated timeframe.

The regeneration of ceria was determined to occur via
carbonate formation on the reduced ceria surface, by adsorp-
tion of a CO, molecule into an oxygen vacancy. For bare ceria,
this regeneration process could be observed via UV-Raman
spectroscopy to occur on the topmost oxygen layer, where CO,
can bind to defects. The resulting carbonates consume these
defects but are stable enough to prevent CO desorption after
regeneration.”” This process consumes clean surface lattice
oxygen of ceria as well as defect sites. The formation of surface
carbonates was observed using DRIFTS, leading to seemingly
more oxidized ceria than under O, conditions. This formation of
surface carbonates was also observed for the vanadia-loaded
samples but to a lesser extent, as vanadia is anchored to surface
lattice oxygen, thereby blocking sites, leading to a slower
regeneration of the ceria subsurface/bulk with increasing
vanadia loading. Only the highest loaded sample deviated from
that trend, as vanadia was transformed mostly to CeVO, during
regeneration.

The samples showed a loading-dependent behavior. The
regeneration of the VO,/CeO, sample with the lowest vanadia
loading was able to regenerate only partially and surface
vanadium stayed in oxidation state V**, while the sample with
medium loading showed an almost full regeneration of V>*
states. This behavior can be attributed to differences in the
nuclearity distribution, which changes significantly with increas-
ing vanadium surface density. The different nuclearities also
influence the regeneration, as only a partial regeneration of
monomeric vanadia species was predicted to be thermody-
namically favorable.”” However, higher nuclearities are thermo-
dynamically more stable on ceria in their highest oxidized state,
allowing for a full regeneration at higher vanadia loadings.
Since the sample with the lowest vanadia loading is dominated
by monomers, while higher loadings are dominated by the
most stable trimers, the difference in the re-oxidation behavior
can be readily explained.

The regeneration of the catalyst occurs mainly via the ceria
lattice. The regeneration of vanadia can occur either by gas-
phase CO, or by an oxygen spill-over from the ceria lattice. Due
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to the time delay between the ceria and vanadia regeneration,
the oxygen spill-over pathway seems more likely and is in
agreement with previous results according to which ceria keeps
vanadium in oxidation state + V.

In summary, we present a comprehensive mechanistic
study, which addresses the CO,-based regeneration of differ-
ently-loaded and reduced VO,/CeO, catalysts, by using multiple
in situ spectroscopic methods. This approach enabled us to
obtain a detailed understanding of the regeneration process on
a molecular level using CO, as an oxidizing agent that will
become a more relevant feed gas in chemical industry in the
future. Our results can further serve as an experimental basis for
understanding CO,-assisted ODH reactions (ethylene, propane,
etc), which offer a green alternative to fossil fuel-based
processes. Using vanadia-based catalysts, the nuclearity-de-
pendent behavior might influence the catalytic performance
significantly, while regeneration may become rate-determining
when the catalysts are not sufficiently oxidized, leading to
possible catalyst deactivation. The potential of our approach is
illustrated for vanadia systems, but can readily be transferred to
other important catalysts for CO,-assisted ODH (e.g. supported
indium oxide) or other processes that involve ceria-mediated
CO, activation.

Supporting Information Summary

The supporting information contains additional in situ UV-Vis,
Vis-Raman, UV-Raman, and DRIFTS data, as well as further
information on the UV-Raman spectral analysis.
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