
1 

Direct Evidence for Active Support Participation in 

Oxide Catalysis: Multiple Operando Spectroscopy 

of VOx/Ceria 

Patrick Ober†, Simone Rogg†, Christian Hess* 

Eduard-Zintl-Institut für Anorganische und Physikalische Chemie, Technische Universität 

Darmstadt, Alarich-Weiss-Str. 8, 64287 Darmstadt, Germany 

*Corresponding Author (E-mail: hess@pc.chemie.tu-darmstadt.de)

† These two authors contributed equally 

This document is the Accepted Manuscript version of a Published Work that appeared in final form in ACS Catalysis, 
copyright © 2020 American Chemical Society after peer review and technical editing by the publisher. To access the 

final edited and published work see https://doi.org/10.1021/acscatal.9b05174

Urheberrechtlich geschützt / In Copyright: https://rightsstatements.org/page/InC/1.0/



 2 

Abstract 

Ceria-supported vanadia is catalytically active in oxidative dehydrogenation (ODH) reactions. 

Here, we provide direct spectroscopic evidence for the participation of the ceria support in the 

redox catalysis. To unravel the structural dynamics of vanadia/ceria (VOx/CeO2) catalysts 

during ethanol ODH, we have applied a combination of operando multi-wavelength Raman 

and operando UV-Vis spectroscopy. Our approach consists in the targeted use of different 

Raman excitation wavelengths, enabling the selective enhancement of ceria (at 385 nm) and 

vanadia (at 515 nm) vibrational features. As part of the support dynamics, ceria lattice oxygen 

is shown to directly participate in the ODH reaction, while V-O-Ce interface bonds are broken 

during substrate adsorption, resulting in ethoxide formation. The presence of V-O-Ce bonds is 

considered to be crucial for the observed synergy effect in catalytic performance, allowing ceria 

to act as an oxygen buffer stabilizing the vanadium center. By providing an experimental basis 

for a detailed understanding of working VOx/CeO2 catalysts, our results highlight the 

importance of active support participation in oxide catalysis. 
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1. Introduction 

Supported vanadia is the catalyst for the oxidative dehydrogenation (ODH) of alcohols and 

short-chain alkanes that has been studied most with the overall objective of establishing a 

different approach for the production of propylene or ethylene as an alternative to conventional 

processes such as steam cracking.1–4 The support material has been shown to have an enormous 

impact on the activity and selectivity of vanadia catalysts, and may be classified as being 

inactive (SiO2, Al2O3) or active (TiO2, CeO2).1,2,5,6 Active support materials are characterized 

by their reducibility and have been proposed to directly participate in the redox cycle.1,6–10 

However, primary experimental evidence for their participation, e.g. by in situ/operando 

spectroscopy, is scarce.11–14 

Recently, ceria-supported vanadia (VOx/CeO2) has attracted considerable attention as a 

promising alternative catalyst for ODH reactions.7,11,12,15–20 In the context of alcohol ODH, 

experimental and, in particular, theoretical studies have been carried out to gain a deeper 

understanding of the support interaction in VOx/CeO2 systems.10,21–24 According to combined 

experimental and density functional theory (DFT) studies on VOx/CeO2(111),10,21 ceria 

stabilizes small vanadia species in a +5 oxidation state, which are proposed to wet and reduce 

the ceria surface. Using DFT, Kropp and Paier22 postulated a mechanism for methanol ODH 

over CeO2(111)-supported vanadia monomers, starting with methanol chemisorption either at 

the V-O-Ce interface bond or at a pseudo-vacancy of the ceria surface. According to the first 

scenario, after a V-O-CH3 structure has been formed, dehydrogenation occurs via interaction 

of methoxy with a ceria surface oxygen, whereas, in the second scenario, methoxy adsorbed on 

ceria transfers an H atom to the V-O-Ce interface bond. In a subsequent study, the adsorption 

and partial oxidation of methanol at a trimeric VOx species on CeO2(111) was studied, which, 

however, was found to exhibit a lower activity than the monomer due to structural relaxation in 

the surface O layer of the latter.23 In another DFT study, Wu and Gong24 explicitly examined 

various oxygen species of VOx/CeO2(111) containing vanadia monomers and derived a 
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structural evolution of VOx species during methanol ODH. The V-O-Ce unit of metastable VO4 

species was proven to be the most favorable site for the rate-limiting C-H bond breakage. New 

empty localized states generated by the vanadia deposition served as an explanation for the 

synergic effect of the vanadia/ceria system. To the best of our knowledge, there has been no 

experimental evaluation of these theoretical proposals. 

In this study, we have addressed the role of the support in VOx/CeO2 catalysts by 

applying a combination of operando multi-wavelength Raman and operando UV-Vis 

spectroscopy during ethanol ODH. This approach enables us to unravel the structural dynamics 

of VOx/CeO2 catalysts under working conditions and to provide direct spectroscopic evidence 

for the participation of the ceria support in the redox catalysis. The targeted use of multi-

wavelength Raman spectroscopy is essential for the selective enhancement of ceria and vanadia 

vibrational features. While its potential has been demonstrated previously for structural 

characterization of supported vanadia catalysts both under non-reactive25 and under reactive 

conditions,26 there have been no in situ or operando studies on active support participation in 

oxide catalysis. 

 

 

2. Experimental 

Catalyst preparation. Ceria was synthesized as described previously27 and loaded with 

vanadium oxide by incipient wetness impregnation. The impregnation was performed by 

mixing 2 g of ceria with 0.5 mL of the precursor solution of vanadium(V) oxytriisopropoxide 

(≥97%, Sigma Aldrich) and 2-propanol (99.5%, Sigma Aldrich) (concentration: 0.5 mol/l). 

Subsequently, the sample was heated to 500 °C at a heating rate of 1.5 °C min-1 and calcined at 

500 °C for 12 h. The specific surface area of ceria was determined to be 62.3 m2 g-1, as 

determined by the Brunauer–Emmett–Teller (BET) method, yielding a vanadium oxide loading 

of 1.2 VOx nm-2. 
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Raman Spectroscopy. UV Raman spectroscopy was performed using 385 nm wavelength light 

from a Ti:sapphire solid state laser (Indigo Coherent) for excitation. The fundamental 

wavelength of 770 nm was converted to 385 nm via a LiB3O5 crystal. A triple-stage 

spectrograph (Princeton Instruments, TriVista 555) and a charge-coupled device (CCD, 

2048×512 pixels) camera were employed to disperse and detect the scattered Raman radiation. 

The spectral resolution of the spectrometer was approximately 1 cm-1. Sample damage was 

avoided by using a low laser power of 3.8 mW as measured at the sample position and by 

continuously moving the sample. UV Raman data analysis included cosmic ray removal and 

background subtraction. Raman spectra at 515 nm wavelength excitation were taken employing 

an argon ion laser (515 nm, Melles Griot). The spectrometer (Kaiser Optical, HL5R) was 

combined with an electronically cooled CCD detector (256×1024 pixels). The spectrometer’s 

resolution was 5 cm-1 and the wavelength stability was better than 0.5 cm-1. The laser power 

was adjusted to 1.5 mW as measured at the sample position. Analysis of the Raman data 

included cosmic ray removal and auto new dark correction. For the Raman experiments 0.15–

0.2 g of sample was filled in a CCR1000 reactor (Linkam Scientific Instruments) equipped with 

a CaF2 window (Korth Kristalle GmbH). 

Diffuse Reflectance UV-Vis Spectroscopy. Diffuse reflectance (DR) UV-Vis spectra were 

recorded on a UV-Vis spectrometer (Jasco V-770). Approximately 0.06 g of sample was filled 

in a reaction cell (HVC-MRA-5, Harrick Scientific). Dehydrated magnesium oxide served as a 

white standard. Optical absorption edges were determined from Tauc plots of (F(R∞)hν)1/n 

versus hν with n = 2. 

Catalytic Testing. Catalytic testing was performed in the CCR1000 reactor using 0.15–0.2 g 

of sample. The samples were first dehydrated at approximately 500 °C for at least 1 h at 

oxidative conditions (8% O2, 92% N2; 50 mLn min-1). After the sample had cooled down to 

73 °C, ethanol (Sigma Aldrich, liquid, ≥99.8% (GC)) was added to the O2/N2 stream by 

bubbling the gas through a saturator cooled to –6 °C. Based on the Antoine equation, the 
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reaction-gas composition consisted of approximately 1% ethanol, 8% O2, and 91% N2. The 

temperature was raised every 45 min by approximately 9 °C. The gas phase was continuously 

monitored by Fourier transform IR (FTIR) spectroscopy using a Vertex 70 spectrometer 

(Bruker) equipped with a RT-DLaTGS (room-temperature deuterated L-alanine-doped 

triglycine sulfate) detector. Conversion and selectivity were calculated on the basis of FTIR 

gas-phase analysis. 

Operando Experiments. Operando Raman and operando DR UV-Vis spectra were recorded 

during reaction conditions at 100 °C. Owing to the low penetration depth of UV radiation, the 

actual temperature at the surface of the sample was taken into account. The vertical temperature 

gradient of ceria in the sample holder was determined to be approximately 8 °C. For 

characterization prior to operando experiments, DR UV-Vis and Raman spectra were recorded 

after dehydration at 100 °C. 

 

 

3. Results and Discussion 

Figure 1 depicts the catalytic performance of a 1.2 VOx/CeO2 catalyst in ethanol ODH in 

comparison to that of the bare support at temperatures between 70 and 150 °C. Out of a series 

of variously loaded VOx samples, we chose this loading for a detailed mechanistic study 

because of the dispersed nature of the surface vanadia species (as evaluated based on visible 

Raman spectra), which enabled a more direct comparison with the results of previous theoretical 

calculations. Bare ceria is known for its catalytic activity in ethanol ODH and conversions of 

<10% have previously been reported at temperatures below 138 °C, in agreement with our 

results.28 However, as shown by Figure 1, impregnation of ceria with vanadia leads to a strong 

increase in conversion. Besides acetaldehyde, the formation of CO2 and water as well as small 

amounts of CO is observed. For bare ceria, the selectivities towards acetaldehyde constantly 

decrease with increasing temperature, while the VOx/CeO2 catalyst exhibits a maximum at 
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around 100 °C. At this temperature, the conversion is 9.5±0.0%, while the selectivity towards 

acetaldehyde is 85.3±0.6%. To explore the detailed relation between activity and structure for 

the VOx/CeO2 catalyst, a reaction temperature of 100 °C was chosen for the operando 

experiments described below. Please note that vanadia deposited on silica, as a representative 

of an inactive support material, shows hardly any ethanol conversion below 100 °C,26 

suggesting the presence of a synergetic effect of the VOx/ceria system, thus exhibiting a total 

catalytic activity exceeding that of the individual participants. 

 

Figure 1. Catalytic performance of 1.2 VOx/CeO2 (black) as compared to bare CeO2 (blue) in 

the ODH of ethanol (gas composition: 1% EtOH, 8% O2, 91% N2; total gas flow: 50 mLn /min). 

Left: Ethanol conversion as a function of temperature. Right: Selectivity towards acetaldehyde 

as a function of temperature. The dashed lines indicate the temperature chosen for the operando 

experiments. 
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Figure 2 depicts the DR UV-Vis spectrum of the 1.2 VOx/CeO2 catalyst under 

dehydrated conditions at 100 °C. The UV-Vis spectrum is dominated by the strong self-

absorption of ceria below 400 nm (see Figure S1), in agreement with the literature.25 The 

maximum at around 265 nm as well as the shoulder at around 330 nm originate from band gap 

absorption (O 2p(filled) → Ce 4f(empty) transitions).29 These intense ceria bulk features cover 

vanadia absorption features arising from ligand-to-metal charge transfer (LMCT) that are 

usually observed below 300 nm.30 In contrast to the UV, in the visible region the absorption 

behavior is dominated by the vanadia-related LMCT features due to oligomeric species and/or 

2D aggregates (see inset).1,30 In the UV-Vis spectrum the excitation wavelengths (385 and 

515 nm) used for the Raman experiments are marked; the latter were chosen to enable a 

selective (resonance) enhancement of ceria- and vanadia-related vibrational features, 

respectively. In fact, with excitation at 385 nm wavelength, ceria absorption greatly exceeds 

that of vanadia, thus allowing the dedicated monitoring of ceria surface and bulk modes. On the 

other hand, with excitation at 515 nm, vanadia-related modes experience more enhancement 

(compared to 385 nm), enabling the observation of both ceria- and vanadia-related modes. 

Consequently, our multi-wavelength Raman approach gives access to complementary 

information about the VOx/CeO2 system. 

It should be mentioned that originally the Raman spectroscopic characterization 

included the use of four different laser excitation wavelengths, i.e., 257, 385, 515, and 633 nm. 

However, as shown in Figure S2, the spectroscopic information obtained from excitation at 

257 nm wavelength (as compared to 385 nm) was limited owing to sample absorption, and 

excitation at 633 nm did not provide any additional information (in comparison to 515 nm). 
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Figure 2. In situ DR UV-Vis spectrum of the 1.2 VOx/CeO2 catalyst recorded in 8% O2/92% 

N2 flow at 100 °C. The excitation wavelengths (385 and 515 nm) used for the Raman 

experiments are marked. The insets give an enlarged view of the visible region of the spectrum. 

 

 

Figure 3 depicts Raman spectra of the 1.2 VOx/CeO2 catalyst for excitation at 385 nm 

(magenta) and 515 nm (green) wavelengths under dehydrated conditions at 100 °C. Spectra 

have been normalized to the strongest Raman feature at 465 cm-1 (F2g band) and offset for 

clarity. Enlarging the spectral region 800–1100 cm-1 of the 515 nm spectrum (see inset) makes 

the vanadyl (V=O) stretching band at around 1015 cm-1 clearly visible. Detailed analysis 

reveals that the V=O Raman band consists of (at least) three contributions, which have 

previously been associated with dimers (~1015 cm-1), trimers (~1030 cm-1), and oligomers 

(~1040 cm-1).10,25 Consistent with the Raman spectroscopic findings, the absorption edge 

energy was determined as 2.95 eV based on UV-Vis analysis, corresponding to an average of 

2.5–3 V-O-V bonds per vanadia species.30 
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Figure 3. In situ Raman spectra recorded at 385 nm (magenta) and 515 nm (green) wavelength 

laser excitation. Spectra have been normalized to the F2g band at 465 cm-1 and offset for clarity. 

The artifact (marked with an asterisk) at 320 cm-1 is due to the CaF2 window of the reaction 

cell. The insets give an enlarged view of the 515 nm spectrum in the range 800–1100 cm-1. 

 

 

With 385 nm wavelength excitation, besides the characteristic and well-known ceria 

bulk features at 465 cm-1 (F2g band) and 1170 cm-1 (2LO),31 major Raman bands are observed 

at 250, 405, 595, 710, and 830 cm-1. The features at 250 and 405 cm-1 have recently been 

assigned to longitudinal and transversal surface vibrations of topmost Ce-O bonds, respectively, 

while a contribution of the bulk TA to the 250 cm-1 feature cannot be excluded, as discussed 

previously in detail.31 The broad contribution at around 595 cm-1 is attributed to bulk oxygen 

vacancies in the vicinity of Ce3+ ions, i.e., Ce3+O7VO
••, based on DFT calculations.31 Likewise, 

a shoulder at around 550 cm-1 has previously been assigned to oxygen vacancies further away 
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from Ce3+ ions.31 The Raman band at 710 cm-1 is absent for bare ceria, and increases in intensity 

with increasing vanadium loading (see Figure S3). This behavior is consistent with V-O-Ce 

interface vibrations, in agreement with the literature.25 Interestingly, we observe a weak broad 

band at around 1405 cm-1, i.e., at almost twice the frequency of this feature, which, to the best 

of our knowledge, has not been reported previously. Owing to the observed band position and 

its broadening as compared to the band at 710 cm-1, we propose the 1405 cm-1 band to be an 

overtone of the V-O-Ce vibration. This assignment is further supported by the fact that both 

features behave similarly in the presence/absence of vanadia (see Figure S3). Finally, for both 

excitation wavelengths, a Raman band at around 830 cm-1 was observed, which has previously 

been attributed to the O-O stretching vibration of molecular oxygen adsorbed onto a surface 

oxygen vacancy of ceria forming a peroxide species.25,27,31,32 

Figure 4 shows the DR UV-Vis spectra of the 1.2 VOx/CeO2 catalyst under oxidative 

(in situ, 8% O2 / 92% N2) and reactive (operando, 1% EtOH / 8% O2 / 91% N2) conditions at 

100 °C. The spectra of the vanadia-loaded and bare ceria sample are almost identical in shape 

and show only slight changes under reaction conditions (see Figure S4 for corresponding 

spectra of bare ceria). In the UV region, a rather uniform decrease in absorption is observed, 

which may originate from slightly different reflectance conditions when switching to reactive 

conditions. In contrast, as shown in the inset, in the visible region a small and broad absorption 

feature appears under reaction conditions, which shows a more pronounced increase when 

vanadia is present (see Figure S5). Owing to the overall intensity decrease below 400 nm, we 

can rule out that this band originates from an off-set or tailing of the main absorption features. 

As the new band appears not only for VOx/ceria but also for bare ceria, it may be associated 

with ceria reduction under reaction conditions, which is known to give rise to an absorption 

band at around 500 nm.31,33,34 Notably, the presence of vanadia leads to an increase in the extent 

of ceria reduction, in good agreement with the Raman results discussed below. Based on the 

behavior of the bare ceria support, we consider a contribution from d-d transitions of reduced 
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vanadia to be unlikely, consistent with the results of theoretical calculations predicting the 

stabilization of surface vanadia species in a +5 oxidation state by the ceria support.7,10 

 

Figure 4. DR UV-Vis spectra of the 1.2 VOx/CeO2 catalyst prior to (red) and during (blue) 

ethanol ODH recorded at 100 °C at a total flow rate of 50 mLn /min. The feed during in situ 

conditions consisted of 8% O2 / 92% N2; the feed during operando conditions consisted of 1% 

EtOH / 8% O2 / 91% N2. The excitation wavelengths (385 nm, 515 nm) used for the Raman 

experiments are marked. The inset gives an enlarged view of the spectra at longer wavelengths.  

 

 

Figures 5 and 6 depict the wavelength-dependent Raman spectra of the 1.2 VOx/CeO2 

catalyst as compared to the bare support under oxidative (in situ, 8% O2 / 92% N2) and reactive 

(operando, 1% EtOH / 8% O2 / 91% N2) conditions at 100 °C. Spectra recorded excitation at 

385 nm wavelength (see Figure 5) display ceria, interface, and oxygen adsorbate features, 

whereas 515 nm spectra (see Figure 6) cover vanadyl, C-H, and O-H stretching vibrations. 
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Upon switching from oxidative to reactive conditions, the 385 nm Raman spectra in Figure 5 

show a number of noticeable changes: First, a strong decrease of surface phonon bands 

originating from top-most Ce-O units is observed for VOx/CeO2 and bare ceria, continuing until 

the disappearance of the signal at 405 cm-1 (see Figure S6). This behavior results from a 

reduction of surface ceria, i.e., the consumption of surface lattice oxygen.29,31 In both cases, 

subsurface ceria undergoes a reduction, as evidenced by the small but reproducible redshift of 

the F2g band (see inset),29,31 which is more prominent for VOx/CeO2, and fully consistent with 

the UV-Vis results discussed above. Second, the interface V-O-Ce band at around 710 cm-1 

exhibits a blueshift and a significant intensity decrease, indicating the modification and 

consumption of V-O-Ce linkages. In addition, the peroxide-related feature at around 830 cm-1 

undergoes a redshift and narrowing, indicative of a transformation of aggregated into more 

isolated peroxide species according to recent DFT calculations.31,35 As discussed previously in 

detail,31,35 the presence of peroxide species can be considered as an indicator for surface oxygen 

vacancies. Thus, the observed peroxide dynamics are interpreted as a redistribution of oxygen 

vacancies in VOx/CeO2 and bare ceria upon switching to reaction conditions. 

Complementary information was obtained by Raman spectra using 515 nm wavelength 

excitation, as shown in Figure 6. Upon switching from oxidative to reactive conditions, the 

vanadia-related features at around 1015 and 1030 cm-1 experience a substantial loss in intensity 

and a downward shift to 1000 cm-1. We attribute this behavior to the coordination of ethanol 

and/or water to the vanadia structure, leading to a lengthening of the V=O bond.25,36–41 

Consistent with these findings, previous studies had reported the presence of Raman features 

≤1000 cm-1 for supported vanadia exposed to water or alcohols.25,36–41 In this context, Raman 

studies on VOx/CeO2 reported a shift of the terminal V=O bond under hydrated conditions.42 

For example, for 1% V2O5/CeO2 (3% V2O5/CeO2), V=O redshifts of 15 cm-1 (9 cm-1) were 

detected in the presence of water vapor for VOx/CeO2 at 170 °C, which was explained by 

hydrogen-bonded surface VOx species solvated by water molecules.43 Considering the lower 
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temperature applied in the present study, 100 °C, the presence of larger amounts of water or 

alcohols and, as a consequence, stronger V=O redshifts are expected. 

The effect of moisture on the V=O stretching frequency was also confirmed by DFT 

calculations performed for VOx/titania with a loading of 0.84 VOx nm-2,44,45 which leads to the 

conclusion that the experimentally observed redshift may result from hydrogen bonding 

between the vanadyl bond and surface hydroxyl group (V-OH, Ti-OH) or water molecules. 

Depending on the degree of hydration, the presence of water is considered responsible for the 

hydrolysis process stabilizing monomers and breaking V-O-M bonds. Secondly, V-OH bonds 

are formed. Further hydration may then lead to molecular water at the surface, and to the 

formation of completely solvated OV(OH)3 species, which do not contain any bridging V-O-M 

bonds and are stabilized to the metal surface by hydrogen bonds. At higher vanadium loading 

(3.37 VOx nm-2) two competitive processes may occur: oligomerization, i.e., formation of V-

O-V bonds, and solvation, i.e., formation of vanadium ions with penta- and hexa-coordination.44 

Our DR UV-Vis spectroscopic results (see Figure 4) do not indicate oligomerization processes 

and/or significant structural changes. In fact, the value of the absorption edge energy of 1.2 

VOx/CeO2 of 2.95 eV does not change upon exposure to reaction conditions, indicating no 

change in the number of V-O-V bonds. Besides, no additional absorption bands, which would 

suggest an increase in the coordination of the vanadium ions, are observed. According to 

Figure 5, the exposure to reaction conditions leads to a substantial (50%) loss of the V-O-Ce 

band intensity. However, there are still a sufficient number of V-O-Ce bonds to attach all 

vanadia species to the surface of the ceria support, based on the commonly accepted structure 

of ceria-supported vanadia,46,47 according to which, prior to reaction each vanadium center is 

anchored to the support by at least three V-O-Ce bonds for monomeric structures and, 

accordingly, by at least two V-O-Ce bonds for dimeric structures. We therefore attribute the 

observed redshift of the V=O band to the coordination of ethanol and/or water to the surface 

vanadia structure, in agreement with a lengthening of the bond. As a result of the coordination, 
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the local structure of the vanadium center is expected to undergo changes, which may give rise 

to changes in the orientation of the V=O bonds, leading to a decrease in Raman intensity, 

similarly to what has previously been discussed in the context of IR spectra.22 However, in 

order to clarify the V=O intensity changes associated with the exposure to reaction conditions, 

it will be necessary to perform theoretical calculations in the future. 

 

 

Figure 5. 385 nm Raman spectra of the 1.2 VOx/CeO2 catalyst (top panel) as compared to bare 

ceria (bottom panel) prior to (red) and during (blue) ethanol ODH recorded at 100 °C at a total 

flow rate of 50 mLn /min. The feed during in situ conditions consisted of 8% O2 / 92% N2; the 

feed during operando conditions consisted of 1% EtOH / 8% O2 / 91% N2. Insets show the 

changes in F2g position when switching to operando conditions (515 nm). Spectra have been 

normalized to the F2g band. 
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Figure 6. 515 nm Raman spectra of the 1.2 VOx/CeO2 catalyst (top panel) as compared to bare 

ceria (bottom panel) prior to (red) and during (blue) ethanol ODH recorded at 100 °C at a total 

flow rate of 50 mLn /min. The feed during in situ conditions consisted of 8% O2 / 92% N2; the 

feed during operando conditions consisted of 1% EtOH / 8% O2 / 91% N2. Spectra have been 

normalized to the F2g band and offset for clarity. 

 

 

As can be seen on the right of Figure 6, in the C-H stretching region, exposure to 

reaction conditions results in the adsorption of ethanol. The vibrational signature observed for 

the VOx/CeO2 sample strongly resembles that of bare ceria. Detailed analysis reveals the 

presence of Raman bands at around 2870, 2930, and 2970 cm-1, which can be assigned to 

vs(CH2), vs(CH3), and vas(CH3) modes, respectively, in agreement with the literature.48–50 

According to previous studies,51 ethanol adsorption on CeO2(111) results in the formation of 

ethoxy species at temperatures <550 K. We therefore attribute the observed C-H stretching 
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vibrations to the formation of ethoxy species that are predominantly adsorbed on the ceria 

surface. 

The left panel of Figure 6 shows that, apart from the dynamics of the V=O band, a series 

of new Raman bands appears at around 880, 905, 930, 1040, 1050, and 1060 cm-1 under reaction 

conditions for 1.2 VOx/CeO2 (top of Figure 6) and bare ceria (bottom of Figure 6). In addition, 

there is a broad feature at around 950 cm-1, which is especially prominent for the VOx/CeO2 

sample, indicating its relation to the presence of vanadium, as discussed below. The Raman 

bands at around 1040, 1050, and 1060 cm-1 can be assigned to C-O stretching modes of ethoxy 

species, in agreement with previous IR and Raman spectroscopic studies.50,52–55 The vibrations 

at 880, 905, 930, and 950 cm-1 are located in the range of C-C stretching modes and suggest the 

presence of different ethoxy species. Previously, IR bands detected at 1050 and 885 cm-1 after 

ethanol exposure to CeO2(111) were assigned to C-O and C-C stretching vibrations of bidentate 

ethoxide or ethoxide in an oxygen vacancy, and bands at 1096 and 905 cm-1 to the 

corresponding vibrations of monodentate species.52,53 The joint decrease of the intensity of the 

C-C and C-O stretching modes for the VOx/CeO2 sample in comparison to bare ceria (and also 

as a function of the vanadium loading as shown in Figure S7) points to a reduction of the 

number of ethoxy species adsorbed at the ceria surface. Such a behavior is expected based on 

the coverage of the ceria support by vanadia (~12% of vanadia monolayer at 10 V/nm2). On the 

other hand, comparison of the Raman spectrum of VOx/CeO2 with that of bare ceria under 

reaction conditions reveals the presence of a vanadium-related band at around 950 cm-1, in 

addition to the 1000 cm-1 feature discussed above. In previous operando Raman studies on 

ethanol ODH over VOx/SiO2 catalysts, bands at 922 and 1056 cm-1 have been assigned to C-C 

and C-O stretching vibrations, respectively, of ethoxy directly attached to vanadium.26 This 

assignment was based on wavelength-dependent studies showing a resonance effect of the C-

C-O vibration triggered by the VO4 oscillator, in agreement with previous studies on titanium 

alkoxides.56 Thus, we may attribute the Raman feature at around 950 cm-1 to the C-C vibration 
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of ethoxy bound to vanadium. However, as there is some overlap with the 930 cm-1 ceria 

feature, a contribution of ceria-bound ethoxy cannot be excluded. The corresponding C-O 

vibration of V-bound ethoxy is expected to be part of the C-O-related feature between 1030 and 

1070 cm-1. The presence of ethoxy attached to vanadium is supported by the C-H stretching 

region, which shows an intensity increase (see e.g. the 2930 cm-1 band in Figure 6), indicating 

an increase in the total amount of adsorbed ethoxy, despite the reduction of ceria-bound ethoxy 

for vanadia-containing catalysts. 

Finally, as shown in the right panel of Figure 6, switching to reaction conditions results 

in the complete disappearance of hydroxyl groups at 3640 and 3680 cm-1 and the appearance 

of a broad OH-related band between 3300 and 3700 cm-1 for both VOx/CeO2 and bare ceria. 

The loss of sharp features may be associated with hydrogen bonding interactions of OH groups 

with adsorbed ethoxy species and/or water, which is formed as a reaction product.57 A summary 

of observed Raman bonds and their assignments is given in Table 1.  

 

Table 1. Summary of Raman bands for bare CeO2 and 1.2 VOx/CeO2, as observed in this work. 

 
Position 
(cm-1) Assignment References 

250 Ce-O longitudinal stretch,  
2TA 

CeO2(111) surface, 
CeO2(111) bulk 

31 

405 Ce-O transversal stretch CeO2(111) surface 31 

465 F2g CeO2(111) bulk 27,31 

595 Oxygen vacancies Reduced CeO2-x bulk 31 

710 V-O-Ce Interface 25 

830 O-O Peroxides 25,27,31,32 

880 C-C Ethoxy 52 

905 C-C Ethoxy 52 
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930 C-C Ethoxy this work 

950 C-C Ethoxy this work 

1000 V=O Vanadyl coordinated with 
water/ethanol  

43 

1015 V=O Dimer 10,25 

1030 V=O Trimer/Oligomers 10,25 

1040 C-O Ethoxy this work 

1050 C-O Ethoxy 52,53 

1060 C-O Ethoxy this work 

1170 2LO CeO2(111) bulk 27,31 

1405 2V-O-Ce Interface (overtone) this work 

2870 vs(CH2) Ethoxy 52 

2930 vs(CH3) Ethoxy 52 

2970 vas(CH3) Ethoxy 52 

3640 O-H (II*-B) Doubly bridging hydroxyl group 
on reduced ceria 

27,58 

3680 O-H (II*-A) Doubly bridging hydroxyl group 
on reduced ceria 

27,58 
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Figure 7. Proposed reaction mechanisms for the ODH of ethanol over VOx/CeO2 catalysts. 

 
 

Based on our spectroscopic findings, we propose the following reaction mechanisms for 

ethanol ODH over VOx/CeO2 catalysts and bare ceria (see Figure 7): Pathway I involves the 

chemisorption of ethanol on the ceria surface as ethoxy species, as shown by the presence of 

C-C, C-O, and C-H stretching vibrations, accompanied by hydrogen transfer to lattice oxygen, 

as indicated by the disappearance of the surface phonon signal at 405 cm-1 (see Figure 5, see 

Figure S6). Besides, a redshift of the F2g mode is observed (see Figure 5), which can be 

associated with the formation of oxygen vacancies in the ceria subsurface (see CeO2-x-y in 

Figure 7),31,34 indicating the transfer of oxygen to the surface. As not only top ceria atoms but 

also subsurface ceria undergo reduction, we conclude that the support serves as an oxygen 

buffer, being able to release stored oxygen. In comparison, for bare ceria, exposure to reaction 

conditions induces ceria-related spectral changes similar to those for the loaded sample. In this 

case, the observed conversion to acetaldehyde may then proceed by another hydrogen transfer 
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to a hydroxyl group, leading to water formation, as suggested by the changes in the O-H 

stretching region. For the vanadium-loaded sample, however, additional vanadia-related 

spectral changes are observed, e.g., a blueshift of the V-O-Ce interface bond (see Figure 5, top 

panel). We attribute the observed shift to ethoxy adsorbed in the vicinity of surface vanadia 

modifying the interface bond (see Figure 7) and thereby facilitating a subsequent hydrogen 

transfer to V-O-Ce, consistent with predictions from theory.22 The structural changes of the 

surface vanadia species upon exposure to ethanol ODH conditions are attributed to the 

coordination of EtOH and/or water. There is no indication from experiment of significant 

vanadia reduction, in agreement with the DFT literature.22,24 Thus vanadia appears to play a 

coordinative role rather than that of a redox system.  

Pathway II involves the adsorption of ethanol at the vanadium center by breaking a V-

O-Ce interface bond (see Figure 7), as evidenced by the decrease in V-O-Ce intensity (see 

Figure 5, top panel). As a result, a vanadium-bound ethoxy species is formed, as suggested by 

the appearance of the C-C stretching feature at around 950 cm-1 (see Figure 6, top panel). The 

process of ethoxy formation from adsorbed ethanol is accompanied by hydrogen transfer to 

lattice oxygen, as described above in the context of pathway I. The subsequent conversion to 

acetaldehyde may then involve another hydrogen transfer to lattice oxygen or to a hydroxyl 

group, leading to water formation, as suggested by the changes in the O-H stretching region. 

A further aspect of the support participation in the ethanol ODH reaction was elucidated 

by switching experiments, in which the gas phase was cycled between oxidative (O2/N2) and 

reactive (EtOH/O2/N2) conditions, and the F2g position was monitored as an indicator for the 

ceria stoichiometry (see Table S1). The F2g red-shift upon switching from oxidative to reactive 

conditions was followed by a F2g blue-shift when retuning to oxidative conditions, thus clearly 

indicating the consumption and replenishment of ceria subsurface oxygen. The full recovery to 

the initial F2g position (prior reaction) requires heating to elevated temperatures, which may be 

attributed to the removal of residual adsorbates hindering the oxygen transfer to the ceria 
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subsurface. For differently loaded catalysts (0.6 VOx/CeO2, 1.2 VOx/CeO2), we observed 

similar F2g shifts, which were significantly larger as in case of bare ceria. Thus, while the 

presence of vanadia has a marked effect on the oxygen dynamics, increasing the vanadium 

loading does not necessarily lead to a larger buffering effect. 

Figure 1 shows the remarkable activity of the 1.2 VOx/CeO2 catalyst for ethanol ODH 

at low temperatures. The comparison with the conversion values of bare ceria and vanadia 

(supported on silica) suggests the presence of a cooperative effect of the vanadia/ceria system, 

thus exhibiting a total catalytic activity exceeding that of the individual participants. In fact, 

vanadia deposited on silica as an inactive support shows hardly any conversion below 100 °C.26 

Our spectroscopic findings may offer an explanation for the observed catalytic behavior: 

Pathway I involves the adsorption of ethanol on the ceria surface leading to ethoxy formation. 

The subsequent hydrogen transfer is crucial as it is considered the rate-determining step of the 

reaction. In the presence of vanadia the hydrogen transfer may be strongly facilitated by 

formation of a V-O---H-C2H4O transfer site22 followed by acetaldehyde formation using lattice 

oxygen, thus following a scenario that has not been reported for silica-supported vanadia. 

 

 

4. Conclusion 

Summarizing, we have provided direct spectroscopic evidence for the participation of a ceria 

support in oxide catalysis. As demonstrated for a VOx/CeO2 catalyst during ethanol ODH, ceria 

lattice oxygen, the V-O-Ce interface, as well as ceria subsurface oxygen, are shown to be 

directly involved in the reaction, underlining the active participation of the support in the redox 

process. We have developed an experimental basis for a detailed understanding of the support 

participation, which we consider to be of more general importance in oxide catalysis. 

From our study it is apparent that a combination of operando techniques is necessary to 

gain insight into the complex interplay of the different oxides under working conditions, 
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regarding structural as well as redox properties. In particular, as illustrated here for VOx/CeO2, 

in order to be able to untangle the dynamics of ceria from those of vanadia during catalysis, we 

employed operando wavelength-selective Raman spectroscopy, in addition to operando UV-

Vis spectroscopy. This approach had not been applied in this context before, despite its potential 

to enable selective excitation of the vibrational features of the support and the deposited phase. 

In the case of VOx/CeO2 catalysts, the use excitation at 385 nm wavelength for the ceria support 

and 515 nm for the vanadia phase is demonstrated to be an efficient combination, and we expect 

also other supported oxide catalysts to be accessible by adjusting the Raman excitation 

wavelengths. 

Based on our findings from combined operando spectroscopy we have proposed a 

mechanism for the ethanol ODH reaction over VOx/CeO2 catalysts. Clearly extending previous 

work, this mechanism explicitly takes into account the new experimental results from this study, 

including the various facets of the oxygen support dynamics. It therefore allows for direct 

comparison with previous mechanistic proposals based on DFT calculations on methanol ODH. 

Importantly, both our experiments and the theoretical studies demonstrate that the V-O-Ce 

interface plays a crucial role in facilitating the ODH reaction and that vanadium keeps its +5 

oxidation state under reaction conditions, i.e., that vanadium is not participating as a redox 

system. An important future task will be to explore the generalizability of these findings and to 

further develop our approach towards kinetic experiments,59  

It is an exciting prospect to transfer the above experimental approach to other supported 

oxides and reactions, such as propane ODH, which is of relevance for technical applications. 

Regarding the substrate (e.g. propane), we do not expect any limitations from the experimental 

side as the applicability of our approach is largely determined by the choice of the catalyst 

system. With respect to the support material, besides ceria, e.g. titania, as a very common 

material in oxide catalysis, may be of interest. To study its potential participation, suitable 

phonon bands, which describe the oxygen dynamics on the surface and/or in the bulk, would 
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need to be identified first, e.g. by following the procedures recently published for ceria.31,29 In 

case of other supported oxides, the optimal choice of the excitation wavelengths for a given 

support material may depend on the specific UV-Vis absorption properties, but we still expect 

the general applicability of our Raman approach to a broad range of materials used in oxide 

catalysis. To this end, knowledge of the UV-Vis absorption properties will strongly facilitate 

the choice of appropriate Raman excitation wavelengths. Thus, the combination of targeted 

Raman spectroscopy with UV-Vis spectroscopy will allow an optimal exploitation of 

spectroscopic information in future applications. 
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