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Abstract 

The oxidative dehydrogenation (ODH) of propane over supported vanadia catalysts is 

an attractive route towards propene (propylene) with the potential of industrial 

application and has been extensively studied over decades. Despite numerous 

mechanistic studies, the active vanadyl site of the reaction has not been elucidated. In 

this work, we unravel the ODH reaction mechanism, including the nuclearity-

dependent vanadyl and surface dynamics, over ceria-supported vanadia (VOx/CeO2) 

catalysts by applying (isotopic) modulation excitation IR spectroscopy supported by 

operando Raman and UV-Vis spectroscopies. Based on our loading-dependent 

analysis, we were able to identify two different mechanisms leading to propylene, which 

are characterized by isopropyl- and acrylate-like intermediates. The modulation 

excitation IR approach also allows for the determination of the time evolution of the 

vanadia, hydroxyl, and adsorbate dynamics, underlining the intimate interplay between 

the surface vanadia species and the ceria support. Our results highlight the potential 

of transient IR spectroscopy to provide a detailed understanding of reaction 

mechanisms in oxidation catalysis and the dynamics of surface catalytic processes in 

general.  
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1. Introduction 

Propylene (propene) is among the most important starting materials of the 

petrochemical industry and used for a variety of products. As the gap between demand 

and supply is constantly growing, alternative ways of producing propylene are of great 

interest. One such way is oxidative dehydrogenation (ODH), which shows favorable 

reaction characteristics in comparison to conventional processes such as steam 

cracking or fluid catalytic cracking.1,2 Propane ODH is possible at lower temperatures 

and is exothermic in nature, thereby reducing energy expenditure, while the addition 

of oxygen to the reaction feed decreases catalyst deactivation due to coke formation 

or leaching.3 However, it has been a challenge to find active and highly selective 

catalysts to avoid over-oxidation to COx.4  

For a rational design of better catalysts, a detailed understanding of the mode of 

operation and identification of the active sites are crucial but remain a tremendous 

challenge. Despite the extensive success of applying in situ/operando approaches to 

catalysts under steady-state conditions,5 access to the reaction dynamics requires the 

use of transient spectroscopy, for example modulation excitation spectroscopy (MES), 

which changes one parameter (typically the concentration) over time and measures 

the system’s response.6 In fact, besides significant noise reduction, such an approach 

allows discrimination between active and spectator species, and thus a focus on the 

crucial aspects of the mechanism. In heterogeneous catalysis, MES has been mostly 

used to study reactions of small molecules, e.g., CO oxidation,7–14 NH3-SCR (selective 

catalytic reduction),15–17 and CO2 activation,18–21 but to the best of our knowledge there 

has been no application in the context of the economically important field of alkane 

oxidation catalysis. 

As suitable catalysts for ODH of short alkanes, especially propane, mainly vanadia 

but also NiO- and boron oxide–based catalysts have been discussed.3,22,23 In 

particular, catalysts with amorphous surface vanadia species (VOx) as the active phase 

have shown promising performances during propane ODH, but further catalyst 

optimization is still required.3,24–29 Besides the active phase, the choice of the support 

material is of great importance and has been proposed to increase the catalytic 

performance in the case of active support materials such as CeO2 and TiO2 due to 

their direct participation in the reaction.3,25,29 Recently, ceria-supported vanadia 

(VOx/CeO2) catalysts have attracted increased attention, both theoretically30–34 and 
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experimentally.3,25,26,29,35–38 Nevertheless, direct experimental insight into the reaction 

intermediates and the surface dynamics have not been reported yet.  

Previous theoretical studies focused on general properties of VOx/CeO2 catalysts 

and concluded that the participation of ceria in oxidation reactions is related to its low 

defect formation energy,30,32,33 keeping vanadium in the oxidation state V5+.34–37,39 

Density functional theory (DFT) calculations on propane ODH have proposed multiple 

pathways towards propylene but were not conclusive due to their small energy 

differences.33 Experimental studies using Raman spectroscopy have demonstrated the 

interaction of vanadia with ceria oxygen vacancies,40 which was supported by DFT 

calculations,32 and later by X-ray absorption near-edge structure spectroscopy 

(XANES) in the context of ethane ODH.35 Our previous work27 confirmed the active 

participation of ceria in the oxidation process and also the structural relaxation of 

monomeric vanadia sites into surface oxygen vacancies, irreversibly blocking them for 

propane ODH.  

One of the major open questions in oxidation catalysis over supported vanadia 

catalysts has been the influence of vanadia nuclearity on catalytic performance and 

the involvement of vanadyl groups in the reaction mechanism. In this mechanistic 

study, we address these vanadia-related aspects besides the surface and adsorbate 

dynamics during the ODH of propane over VOx/CeO2 catalysts using transient IR 

spectroscopy supported by steady-state operando spectroscopies (diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS), Raman, UV-Vis). We highlight the 

potential of (isotopic) modulation excitation IR spectroscopy to add crucial new 

information to the mechanistic understanding of oxidation catalysts, thus greatly 

facilitating their rational design. 
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2. Experimental Section 

2.1. Catalyst Preparation  

The ceria support was prepared as previously described41 and 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/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 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 m²/g by nitrogen physisorption experiments 

and the use of the Brunauer–Emmett–Teller (BET) method, yielding vanadium 

loadings of 2.83 V/nm² (2.32 wt% V2O5), 1.36 V/nm² (1.11 wt% V2O5), and 0.57 V/nm² 

(0.47 wt% V2O5), respectively. Higher vanadium loadings were not considered since 

vanadia crystallites were shown to be present at loadings >2.9 V/nm².42 The resulting 

catalyst powders were subsequently pressed at a pressure of 2000 kg/m² for 20 s, 

ground and then sieved using a combination of sieves to obtain 200–300 µm particles. 

2.2. X-Ray Diffraction 

Powder X-ray diffraction (XRD) patterns were recorded on a Stoe Stadi P 

diffractometer with a Ge(111)-monochromator, Cu Kα radiation (λ = 1.54060 Å), and a 

MYTHEN-1K Dectris detector, using a flat sample holder in transmission geometry. 

The powder XRD patterns were recorded after the synthesis of the samples. 

2.3. UV-Raman Spectroscopy  

UV-Raman spectroscopy was performed at an excitation wavelength of 385 nm 

generated by a laser system based on a Ti:Sa solid state laser pumped by a frequency-

doubled Nd:YAG laser (Coherent, Indigo). The fundamental wavelength is frequency 

doubled to 385 nm using a LiB3O5 crystal. The light is focused onto the sample, and 

the scattered light is collected by a confocal mirror setup and focused into a triple-stage 

spectrometer (Princeton Instruments, TriVista 555).42 Finally, the Raman contribution 

is detected by a charge-coupled device (CCD, 2048 × 512 pixels) cooled to –120 °C. 

The spectral resolution of the spectrometer is 1 cm-1. For Raman experiments, 70 mg 

of catalyst was placed in a CCR 1000 reactor (Linkam Scientific Instruments) equipped 

with a CaF2 window (Korth Kristalle GmbH). A fluidized bed reactor was employed to 

avoid laser-induced damage, allowing the use of a laser power of 9 mW at the location 
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of the sample. Data processing included cosmic ray removal and background 

subtraction. For structural characterization, spectra were measured at room 

temperature after dehydration at 366 °C in 12.5% O2/He for 1 h. Operando spectra 

were measured at 275 °C during exposure to reactive conditions (12.5% C3H8/12.5% 

O2/He) in comparison to oxidizing conditions (12.5% O2/He) after 1 h of dehydration in 

12.5% O2/He at 366 °C with a total flow rate of 40 mln/min. The spectra were further 

analyzed by a least-squares fitting analysis using Lorentzian functions.  

2.4. Visible Raman Spectroscopy  

Visible (Vis) Raman spectroscopy was performed at 514 nm excitation, emitted from 

an argon ion gas laser (Melles Griot). The light was focused onto the sample, gathered 

by an optical fiber and dispersed by a transmission spectrometer (Kaiser Optical, 

HL5R). The dispersed Raman radiation was subsequently detected by an 

electronically cooled CCD detector (–40 °C, 1024 × 256 pixels). The spectral resolution 

was 5 cm-1 with a wavelength stability of better than 0.5 cm-1. 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 2.5 mW. Data analysis of the Raman spectra included cosmic ray 

removal and an auto new dark correction. For structural characterization, spectra were 

measured at room temperature after dehydration at 366 °C in 12.5% O2/He for 1 h. 

Operando spectra were measured at 275 °C during exposure to 12.5% C3H8/12.5% 

O2/He), in comparison to oxidizing conditions (12.5% O2/He), after 1 h of dehydration 

in 12.5% O2/He at 366 °C with a total flow rate of 40 mln/min. The vanadyl region was 

fit using Lorentzian functions at distinct spectral positions representative of the different 

vanadia nuclearities with a fluctuation of 1 cm-1. The F2g mode was fitted without any 

positional restrictions due to the possible occurrence of red-shifts. 

2.5. Diffuse Reflectance UV-Vis Spectroscopy 

Diffuse reflectance (DR) UV-Vis spectra were recorded on a Jasco V-770 UV-Vis 

spectrometer. Dehydrated BaSO4 was used as the white standard. For each 

experiment, 90 mg of catalyst was put in the commercially available reaction cell 

(Praying Mantis High Temperature Reaction Chamber, Harrick Scientific) equipped 

with transparent quartz glass windows. For structural characterization, spectra were 

measured at room temperature after dehydration at 366 °C in 12.5% O2/He for 1 h. 

Operando spectra were measured at 275 °C during exposure to 12.5% C3H8/12.5% 
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O2/He), in comparison to oxidizing conditions (12.5% O2/He), after 1 h of dehydration 

in 12.5% O2/He at 366 °C with a total flow rate of 40 mln/min.  

2.6. Catalytic Measurements  

Catalytic testing was performed in a CCR 1000 reaction cell in a fluidized bed using 

90 mg of catalyst. The sample was first dehydrated for 1 h at 366 °C in 12.5% O2/He. 

The catalyst was then cooled to 50 °C, exposed to 12.5% O2/12.5% C3H8/He with a 

total flow rate of 40 mln/min, and heated in 45 °C steps up to 500 °C, staying at each 

temperature for 1 h. The gas-phase composition was analyzed continuously using gas 

chromatography (GC, Agilent Technologies 7890B). The GC is equipped with a 

PoraPlotQ and a Molsieve column as well as a thermal conductivity detector (TCD) 

and a flame ionization detector (FID) in series. The setup 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. 

2.7. DRIFTS 
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-1. 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. The sample was 

dehydrated for 1 h in 12.5% O2/He at 366 °C, cooled to 50 °C, and then exposed to 

12.5% O2/12.5% C3H8/He. After 30 min of equilibration, a spectrum was recorded. The 

sample was then heated in 45 °C steps to 320 °C and DRIFT spectra were recorded 

after 30 min at each temperature. In all measurements, the total flow rate was set to 

40 mln/min. 

Data processing consisted of background removal by subtraction of a baseline 

formed by 12 anchor points. A background spectrum of the gas-phase was recorded 

using KBr as an infrared transparent sample. The propane gas-phase and the 

operando spectra were then normalized to the propane gas-phase peak at ~3000 cm-

1 and subtracted to remove propane gas-phase contributions. Example data 

processing for ceria loaded with 0.57 V/nm² is shown in Fig. S1. 

2.8. Modulation Excitation (ME)-DRIFTS  
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ME-DRIFT spectroscopy was performed using the same apparatus as for steady-state 

DRIFTS; a more detailed description of our basic DRIFTS setup and the modifications 

made for recording ME-DRIFT spectra (see Fig. S2) have already been 

published.14,43,44,45 For each experiment, 90 mg of catalyst was used. 
We used the rapid scan mode extension of Bruker’s spectrometer software OPUS 

7.2. Spectra were measured from 850 to 3800 cm-1 with a resolution of 0.5 cm-1, an 

aperture of 8 mm, and a mirror speed of 40 kHz. A Valco Instruments 4/2 valve (Model 

E2CA, version ED), communicating with the Vertex 70, is used to rapidly switch 

between different gas feeds, which are controlled via digital mass flow controllers 

(Bronkhorst). 

As gases we used C3H8 (Westfalen, 3.5), C3D8 (Eurisotope, 98% isotopic labeling), 

O2 (Westfalen, 5.0), and helium (Westfalen, 5.0). One measurement series consisted 

of 20 periods (20 gas-phase switches), each of which had a duration of 360 s and 

consisted of 240 spectra. For one spectrum, five consecutive interferograms were 

averaged, so that a new spectrum was acquired every 1.54 s.  

As background the catalyst spectrum itself was used, after 60 min of dehydration at 

366 °C in 12.5% O2/helium atmosphere and a 10 min treatment at 275 °C in one of the 

reaction gases for conventional ME-DRIFTS (12.5% O2 or 12.5% C3H8 in helium) or in 

reaction gas atmosphere (12.5% C3H8/12.5% O2/75% He) for isotope ME-DRIFTS. 

The flow was kept constant at 100 mLn/min during the pretreatment and experiment. 

During conventional ME-DRIFTS, a flow of either 12.5% C3H8 or 12.5% O2 in helium 

was kept constant over the sample, while the other feed gas was pulsed over the 

sample. In our isotope ME-DRIFTS experiments, the propane-h8-containing reaction 

atmosphere was switched to a propane-d8-containing reaction atmosphere, while the 

flow of oxygen through the reaction chamber was constant. 

The temperature during all modulation excitation experiments was kept at 275 °C. 

To remove the gas-phase contribution, we subtracted gas-phase spectra over KBr (see 

Fig. S3) from each recorded DRIFT spectrum. To exclude the possibility of intensity 

fluctuations over multiple periods, we checked the intensity profile at three distinct 

wavenumbers, representative of the background, an adsorbate peak, and a gas-phase 

peak, but detected no absolute intensity changes over multiple periods that could 

influence the Fourier transformation (see Fig. S4). Peak-fitting analysis of ME-DRIFT 

spectra was performed using Lorentzian functions employing the Levenberg–

Marquardt algorithm implemented in OriginLab 2018. 
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To obtain phase-sensitive spectra, the time-resolved 3D spectral data was 

converted from the time to the phase domain. For an overview, the resolution of phase 

spectra was chosen to be 30°, whereas mechanistic insights were obtained using a 

resolution of 1°. The main operation of phase-sensitive detection (PSD) is a Fourier 

transformation according to46 

Iν̃(φ) =
2

T
∫ Iν̃(t) ⋅ sin(2πft + φ) dt

T

0

 

where I(t) is the time-dependent intensity at one specified wavenumber (𝜈) that is 

convoluted with the sine function, representing the modulation of the external 

parameter (e.g., the gas-phase concentration), thus forming I(φ), the phase-resolved 

intensity. The frequency of the external modulation is f, whereas 0 and T represent the 

times at which the considered dataset begins and ends, respectively. To obtain a 

complete phase-resolved spectrum, this procedure is repeated for every wavenumber. 

By varying φ from 0 to 360° with a chosen resolution and repeating the steps above, 

the complete phase-resolved dataset is created. 

To obtain time constants for a particular wavenumber, first the phase angle in the 

PSD function is determined where I(t) shows the best overlap with the external 

modulation function. This is done for a set of chosen peak positions. To this end, the 

phase angle corresponding to the phase spectrum with the largest signal at the 

particular wavenumber is extracted by automatically comparing the intensities for 

spectra of all the different phase angles. The following equation is used to translate 

this phase angle back into a time value within the interval of one period, in order to 

make it more interpretable: 

tcon =
(360 − φmax)

360
⋅ tper 

The experimental error is 1.54 s, which represents the measurement time of one 

spectrum. Regarding the temporal analysis of the vanadyl peak, the time constants of 

the overtones were considered due to their much higher accuracy in comparison to the 

fundamental vibration. A detailed description and discussion of this effect is given in 

the supporting information (see Fig. S5 and the attached discussion). Further details 

regarding the used software and the full code, which is available free of charge at 

GitHub, can be found elsewhere.47 
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3. Results and Discussion 

3.1. Catalytic Activity and Operando Spectroscopy  

The structure of the synthesized VOx/CeO2 catalysts was characterized using XRD, 

UV-Vis, and Raman spectroscopy, confirming the presence of polycrystalline ceria and 

amorphous surface vanadia at all loadings (see Fig. 1). Even at the highest loading, 

there is no indication of crystalline V2O5 (Raman, Fig. 1c) or CeVO4 (XRD, Fig. 1a).48 

Detailed assignments for XRD, UV-Vis, and Vis-Raman bands are given elsewhere.27 

Besides the ceria and the interface-related Raman features discussed below, the 

vanadyl (V=O) stretching region is resolved especially well at 514 nm excitation49 and 

is characterized by nuclearity-dependent features at 1008, 1015, 1023, 1032, and 

1040 cm-1, which are attributed to monomeric, dimeric, trimeric, tetrameric, and 

pentameric species, respectively (see inset of Fig. 1c).40,50 The loading-dependent 

nuclearity distribution resulting from a peak-fit analysis, depicted in Fig. S6, shows a 

shift in in the maximum of the distribution from dimeric to trimeric species at higher 

vanadium loadings.  

Figure 2 summarizes results from the temperature- and loading-dependent 

operando analysis of VOx/CeO2 catalysts during propane ODH, using operando 

DRIFT, UV-Vis, and Raman spectroscopies. Figure 2a depicts the temperature-

dependent propane conversions in 12.5 % O2/ 12.5 % C3H8 /He, in comparison to bare 

ceria. The empty reaction cell has no significant influence on the activity data 

(conversion <0.1 %).27 The onset of conversion is located at 230 °C for all catalysts 

and reaches a plateau at around 450 °C. For the following discussion, a temperature 

of 275 °C was chosen (dashed line), at which gas-phase processes can be excluded 

and conversions are <15% (differential conditions). Besides, propylene selectivities are 

maximized to ensure the investigation of the selective oxidation pathway rather than 

total oxidation. Figure 2b shows the loading-dependent conversions and selectivities 

at 275 °C (for details, please refer to Fig. S7). Even small amounts of vanadia (0.57 

V/nm2) strongly affect the propylene selectivity, but for further additions of vanadia the 

increase in selectivity becomes increasingly smaller. Due to the different conversions 

and selectivities, the oxygen consumption of the catalysts is different and therefore the 

oxygen partial pressure may change differently for the samples. To exclude any 

significant effects of the different oxygen partial pressures on our observed activities 

and structural dynamics, the oxygen concentrations and the corresponding propylene 
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selectivities for all samples during propane ODH at 275 ° are given in Figure S8. The 

differences in oxygen concentration for all vanadia-loaded samples are very similar 

and a change in vanadium oxidation state due to this small difference appears unlikely. 

In comparison, the decrease in gas-phase oxygen due to the very high CO2 production 

of ceria deviates significantly from the vanadia-loaded samples. As ceria takes 75 

minutes to reach an equilibrium oxygen concentration and the selectivity changes are 

in the same time frame, it can be assumed that the changes in oxygen concentration 

from an initial 45% up to a 75% decrease in oxygen concentration correspond to those 

observed for the propylene selectivity, i.e., a selectivity increase from 2.9 to 4.2%. This 

reveals a slight effect of the oxygen concentration on the reactivity behavior, which 

however is significantly lower than the influence of vanadium. In addition, while for 

ceria the amount of oxygen largely drops under reaction conditions, there is still enough 

oxygen present during equilibrium concentrations (after 200-250 minutes, 27% of initial 

oxygen) to not limit the conversion. Therefore, we can conclude that our measurements 

represent changes caused by vanadia (see below) and that the observed structural 

dynamics is not a result of different conversions. The catalytic data produced in our 

reaction cell is in good agreement with that from a fixed bed reactor at similar vanadium 

loadings and temperatures.29  
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Figure 1: Summary of characterization data of VOx/CeO2 catalysts and bare ceria. (a) XRD 

diffraction patterns and (b) UV-Vis spectra. Diffraction peaks and absorption bands 

characteristic for CeO2 are highlighted. For clarity, the region within 430–530 nm is enlarged. 

(c) Raman spectra at 514 nm excitation. The inset shows an example fit to the vanadyl signal 

of the 0.57 V/nm² sample with assigned structural features. All characterization data was 

measured after dehydration (12.5 % O2/ He at 365 °C for 1 h). 
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Figure 2: Results from the operando analysis of VOx/CeO2 catalysts during propane ODH. (a) 
Propane conversions compared to bare CeO2 (with error bars). The dotted line marks the 

temperature of the operando experiments. (b) Loading-dependent propane conversions and 

propylene selectivities at 275 °C. (c) – (e) Exemplary operando spectroscopic results for the 

1.36 V/nm² sample at 275 °C upon exposure to a feed of 12.5 % C3H8/ 12.5 % O2/ He (red), 

compared to oxidative conditions, i.e., 12.5 % O2/ He (blue). (c) DRIFT spectra with an 

enlarged view of the vanadyl region (inset). (d) UV-Vis spectra including the three excitation 
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wavelengths used for Raman spectroscopy. The inset shows the region of vanadia d-d 

transitions. (e) UV-Raman spectra at 385 nm laser excitation. The insets provide enlarged 

views of the vanadyl (514 nm) and F2g (532 nm) regions. 

 

As a basis for the transient spectra discussed below, Fig. 2c–e provides an overview 

of major results from the operando spectroscopic analysis at 275 °C, exemplarily 

shown for the 1.36 V/nm² sample for clarity (see Figs. S10–S13 for the other samples). 

Figure 2c depicts the operando DRIFT spectrum during propane ODH (red). In 

comparison to the spectrum obtained under oxidative conditions (blue), multiple new 

features and intensity changes are observed in the carbonate (1100–1800 cm-1), C-H 

stretching (2700–3000 cm-1), and hydroxyl (3500–3900 cm-1) regions (see Table S1 

for detailed assignments). The C-H stretch vibrations originate from propane that is 

adsorbed on the ceria surface.51 The intensity changes of the hydroxyl groups at 3640, 

3690, and 3740 cm-1 indicate hydrogen abstraction from propane to the ceria surface, 

either directly, i.e., without any involvement of surface vanadia species, or by rapid 

transfer from a vanadia species to the ceria surface. Especially the increase in intensity 

at 3740 cm-1 indicates the formation of an isopropylic state via hydrogen transfer from 

propane to ceria lattice oxygen.52,53  

The dramatic changes in the carbonate region during reaction conditions result from 

the formation of adsorbates, which is related to the presence of propane in comparison 

to oxidative conditions. These include the appearance of a shoulder at 1610 cm-1, 

originating from the propylene double bond, as well as the features at 1545 and 1567 

cm-1, which are usually assigned to O-C-O vibrations of carbonates and may be 

indicative of propane adsorption in an O-C-O geometry as well as subsequent CO2 

formation from carbonates (see Fig. S9 for detailed DRIFT spectra).27,51,54,55 In this 

context it is important to note that the presented DRIFT spectra do not allow one to 

distinguish between spectator and mechanistically relevant (active) species. Finally, 

surface vanadia is detected via the V=O stretch vibration at 1020–1040 cm-1 and its 

overtone. However, as can be seen from the inset of Fig. 2c, no information about the 

nuclearity of the species and/or reaction-induced changes is revealed, due to the noise 

level in this region.  

Fig. 2d shows the UV-Vis spectra recorded under oxidative (blue) and reactive (red) 

atmosphere. Generally, the UV-Vis spectra are characterized by the strong absorption 

of ceria below 400 nm caused by band gap absorption,56 overlapping with ligand-to-
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metal charge transfer (LMCT) features of vanadia between 300 and 550 nm.57 Upon 

exposure to ODH conditions, multiple changes are detected. First, the observed 

absorption increase implies a red-shift of the band gap by 0.02 eV, which is indicative 

of ceria reduction in the ceria subsurface/bulk since newly created oxygen vacancies 

lead to electronic states closer to the conduction band, thereby decreasing the overall 

band gap.41,58 Further changes in the absorption behavior at 550–800 nm (see inset of 

Fig. 2d) can be associated with vanadia d-d transitions, indicating the presence of 

reduced vanadia during reaction.59,60 This is a remarkable observation as a number of 

experimental and theoretical studies have proposed that vanadia prefers an oxidation 

state of 5+ on the ceria surface.30,32,34,35,37 In this context the question arises whether 

the reduction of vanadia species is an essential part of the reaction mechanism or a 

parallel process. Besides the gas-phase-induced changes, the spectra highlight the 

three Raman excitation wavelengths that have been chosen to allow for the most 

sensitive analysis of different parts of the catalyst system (385 nm: ceria surface; 514 

nm: vanadia; 532 nm: ceria bulk), also exploiting resonance enhancements, as 

described previously.26,27  

The corresponding operando Raman spectra are shown in Fig. 2e, in comparison 

to those recorded under oxidative conditions, all normalized to the F2g mode. Exposure 

to ODH conditions leads to an intensity decrease of the Ce-O surface phonon at 

405 cm-1 as well as the features within the range 470–600 cm-1 assigned to the defect 

region, containing a contribution of Ce3+ at 550 cm-1 and oxygen vacancies at 590 cm-

1.41,44 This behavior indicates surface reduction of ceria, whereby lattice oxygen is used 

to oxidize propane to propylene and COx. Note that ceria, as an active support material, 

clearly participates in the reaction, in contrast to other carriers, such as SiO2.61,62 

Interestingly, the vanadia structures (V-O-Ce, V-O-V, V=O) seem to remain unchanged 

during the reaction, as no observable intensity changes are detected between 

oxidative and reactive conditions, which is consistent with the previously mentioned 

literature but appears to be at odds with the d-d transitions observed in the UV-Vis 

spectra. 

The UV-Raman behavior is supported by the 514 nm spectra, including the V=O 

profile (see inset of Fig. 2e, 514 nm), which shows a defined fine structure (see above), 

but remains largely unchanged, exhibiting a slight red-shift of the higher nuclearities 

but no clear trend when all four samples are considered (see Fig. S13). The F2g mode 

is an important probe of the ceria subsurface/bulk properties. Using 532 nm excitation, 
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a red-shift of the F2g mode of 0.96 cm-1 was detected when the gas atmosphere was 

switched to reactive conditions (see inset of Fig. 2e, 532 nm), which can be associated 

with ceria reduction, as the Ce3+ ions have a larger radius, leading to lattice 

expansion.63 This is in good agreement with the band-gap shift deduced from the UV-

Vis spectra, also indicating ceria reduction. From the above results, it is apparent that 

the ceria support actively participates in the reaction mechanism as an oxygen buffer, 

which provides surface oxygen for the ODH reaction and can be regenerated by either 

subsurface/bulk or gas-phase oxygen. 

To gain further insight into the role of vanadia and to understand the significant 

activity changes of the catalyst upon vanadia impregnation, a quantitative analysis of 

the spectroscopic data was performed. The data is presented in Fig. S14 and 

summarizes the loading dependence of the dynamics of the transversal Ce-O surface 

phonon and the ceria defect region as well as the F2g shift. Both trends are related to 

the oxygen dynamics within the ceria lattice. The Ce-O dynamics and the F2g red-shift 

correlate with the observed conversions (see Fig. 2b), indicating that the reducibility of 

the catalyst is important for the conversion and that ceria supplies oxygen for the 

reaction. With increasing vanadium loading, the oxygen transfer towards the surface 

is slowed down, as also supported by the decreasing band gap energy shifts (see Fig. 

S14b). Considering the selectivity, the high oxygen dynamics in bare ceria counteract 

the selective oxidation to propylene and mostly COx is produced. From the above 

findings, we can deduce that the slowdown of the oxygen dynamics induced by surface 

vanadia species significantly increases the selectivity. The decrease in Raman 

intensity in the defect region correlates well with the amount of monomeric vanadia 

species in the samples (see Fig. S6), fully consistent with a DFT study by the Sauer 

group reporting a structural relaxation of monomeric vanadia species into newly 

created oxygen vacancies.32 Therefore, as surface lattice oxygen is regarded as an 

active center for propane conversion leading to COx formation, as previously 

established,64 this interaction leads to an overall slowdown of this reaction due to 

decreased oxygen mobility, thereby increasing the propylene selectivity. This explains 

the jump in propylene selectivity for 0.57 V/nm² and in part for 1.36 V/nm², but not for 

the highest vanadium loading with almost no monomeric species present. Thus, we 

suspect an additional reason for the selectivity increase at higher vanadium loadings, 

overlapping with the slowdown in oxygen dynamics induced by monomeric vanadia 

species.  
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3.2. Transient IR Spectroscopy  

 

Figure 3: Results from transient IR spectroscopy for VOx/CeO2 catalysts compared to bare 

ceria during propane ODH at 275 °C. (a) PSD spectra (φ = 180°) at constant propane and 

pulsed oxygen flow highlighting adsorbate-related features of particular relevance for the 

mechanistic discussion. (b) PSD spectra of the Ce-OH region. (c) Loading-dependent peak 

areas of selected IR features related to the catalytic properties. An example fit of the spectrum 

of the 1.36 V/nm² sample is shown in the SI (see Fig. S19). 

 

To further investigate the ODH reaction mechanism, we employed ME-DRIFTS, which 

is introduced in Figs. S15 a-e. The results of the measurements and the quantitative 

analysis are shown in Fig. 3. In the following discussion, we will focus on the spectra 

recorded in constant propane and pulsed oxygen at a phase shift of 180° (see Fig. 3a), 

at which the maximum intensities were detected. Corresponding spectra recorded in 

constant oxygen and pulsed propane show consistent results (see Figs. S16 and S18) 

but do not contain additional information, as discussed in detail in the SI (see Fig. S18). 

For clarity, in Fig. 3a the gas-phase contributions from CO, CO2, and propane at 2100–

3500 cm-1 have been removed and the relevant regions indicated. For the carbonate 
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region (center), detailed assignments and structures relevant for the quantitative 

analysis in Fig. 3c are depicted. The vanadyl regions (left and right) contain no detailed 

assignments at this point but will be discussed in detail below (see Figs. 4 and 5). 

Figure 3b highlights the Ce-OH region with its relevant structures. The peak 

assignments are summarized in Table 1. 

 

Table 1: Peak assignments for the ME-DRIFT spectra of bare ceria and the vanadia-loaded 

samples recorded at 275 °C during constant propane and pulsed oxygen flow. 

Position /cm-1 Assignment Reference 

997 

1004 

1020 

1040 

1049 

V=O monomeric 

V=O dimeric 

V=O trimeric 

V=O tetrameric 

V=O pentameric 

40,50 
40,50 
40,50 
40,50 
40,50 

1115 υ COO- 55 

1235 υ COO- 55 

1290 υs C-O 51 

1325 υ C-H 65 

1365 υs CH3 51 

1380 υ C-H 65 

1440 υs COO 66 

1530 υas COO 51 

1570 υas COO 51 

1610 υas C=C 51 

1780 υ C=O 67 

1994 

2017 

2037 

2087 

V=O overtone 

V=O overtone 

V=O overtone 

V=O overtone 

68 
68 
68 
68 

3610 V-O-H 69 

3650 Ce-O-H II-B 70 

3690 Ce-O-H II*-A 70 

3730 Ce-O-H I-A 70 
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It is apparent that the transient spectra in Fig. 3a show smaller and more clearly 

defined peaks in the carbonate and hydroxyl region compared to Fig. 2c, underlining 

that some of the features in regular DRIFTS originate from spectator species. In 

addition, the presence of vanadyl peaks within 1000–1060 cm-1 as well as their 

overtones in the PSD spectra now evidence the active participation of the vanadyl 

group in the ODH reaction. Moreover, in contrast to Fig. 2c (inset), the vanadyl feature 

shows a clearly defined fine structure (see below), allowing a nuclearity-dependent 

analysis, which is of great importance considering the ongoing debate on the role of 

V=O in ODH reactions.27,29,35,36,38 The participation of vanadia is also supported by the 

3610 cm-1 peak in the OH stretching region, which is only detected for V-loaded 

samples, fully consistent with V-OH.69 The Ce-OH peak located at 3730 cm-1, which is 

commonly associated with an isopropylic adsorbate,52,53 declines with increasing 

vanadium loading and is most pronounced for ceria, indicating that isopropyl adsorbate 

results from the first hydrogen abstraction from propane. The intensity decrease also 

correlates with the decrease in conversion, strongly suggesting that most, if not all, of 

the converted propane on ceria passes through an isopropyl adsorbate, as has been 

proposed in the literature.51 The peaks at 3690 and 3650 cm-1 have been associated 

with bridged Ce-OH groups on clean ceria and located next to an oxygen vacancy, 

respectively.41,70 With increasing vanadium loading, the 3650 cm-1 signal gains 

intensity while the 3690 cm-1 peak declines and is not observable anymore at higher 

loadings. This behavior highlights the importance of defects at higher vanadium 

loadings but also points to the relevance of other (V-related) surface processes besides 

the ceria oxygen dynamics discussed above, which is most pronounced at low loadings 

and becomes less relevant for higher loadings.  

Owing to its significance for the interpretation of the ME-DRIFT spectra, a detailed 

analysis of the carbonate region was performed (see Fig. 3a). Species with significant 

intensity changes were analyzed quantitatively (dashed lines) and compared to the 

loading-dependent conversions and selectivities (solid lines). Starting with the region 

between 1200 and 1400 cm-1, with increasing loading the features at 1235 and 

1290 cm-1 decrease while the peak at 1325 cm-1 increases in relative intensity. The 

features at 1235 and 1290 cm-1 originate from adsorbates that contain C-O bonds,51,55 

which are likely to be strongly bound to the surface and, hence, to be over-oxidized to 

COx, decreasing the propylene selectivity. The peak at 1325 cm-1 is attributed to a C-

H bond from a single hydrogen bound to carbon,65 which is only possible at the middle 
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carbon atom of propane after double bond formation. Therefore, the presence of this 

peak is associated with selective oxidation to propylene rather than total oxidation.65 

The 0.57 V/nm² sample shows all three peaks, indicating that at low vanadium loadings 

both reaction pathways appear simultaneously. Besides, the feature at 1440 cm-1, 

associated with an O-C-O containing adsorbate,51,66 shows a decrease in intensity with 

increasing vanadium loading, representing the state in which the propane adsorbs to 

the catalyst surface, as can be verified by in-phase angle analysis (see below).  

At higher wavenumbers, the peaks at 1610 and 1780 cm-1 are of interest, which 

originate from C=C and C=O stretching modes, respectively. The latter feature has 

been associated with CO2 formation on MnOx-ceria catalysts,52 whereas the 1610 cm-

1 peak, which increases with vanadium loading, was previously identified as part of an 

acrylate-based state in the context of Ru/CeO2 catalysts used for propane 

combustion.51 Therefore, the above findings suggest the presence of two different 

pathways towards propylene formation. One operates on the bare ceria and is based 

on an isopropyl transition state, as indicated by the presence of the corresponding Ce-

OH groups, while the other one is based on an acrylic transition state, as evidenced 

by the C=C peak at 1610 cm-1, and is formed by participation of vanadia.  

These scenarios are corroborated by the loading-dependent correlations of 

structure with activity/selectivity in Fig. 3c. First, the peaks at 1290 and 1780 cm-1, 

associated with adsorbates related to COx formation, follow the trend of the conversion, 

which is in line with the Raman results on the decreased oxygen dynamics (see above), 

as does the peak at 1440 cm-1, associated with the initial adsorbate after the first 

hydrogen abstraction. As the first hydrogen abstraction is considered the rate-

determining step of the ODH reaction, less adsorbed propane would lead to smaller 

conversions. Finally, the features at 1325 and 1610 cm-1, related to propylene 

formation, show trends that at first sight appear to correlate with neither the conversion 

nor the selectivity. This is because catalysts with higher vanadium loadings have lower 

conversions, while the propylene yield stays almost constant. Therefore, the peak 

intensities at 1325 and 1610 cm-1 need to be regarded in relation to other peak 

intensities, such as those at 1290 and 1780 cm-1. Indeed, for these relative intensities, 

a similar loading dependence as for the selectivities is observed. 
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Figure 4: Results from isotopic transient IR spectroscopy during propane ODH at 275 °C. (a) 
PSD spectra during different ME-DRIFTS experiments. (b-c) Enlarged view of the vanadyl 

region for two different loadings, together with the result of a fit analysis. (d) Proposed 

assignments for the different vanadyl (V=O) signals during MES experiments. Please refer to 

the text for details and to Fig. S22 for MES results on the 2.83 V/nm² sample. 

 

For further insight into the dynamics, we performed isotopic exchange experiments 

in which the propane-h8-containing reaction atmosphere was switched to a propane-

d8-containing reaction atmosphere, while the flow of oxygen through the reaction 

chamber was constant. This experiment allows features to be identified that are 

associated with a hydrogen transfer during the reaction mechanism, as the only way 

of introducing hydrogen/deuterium is through propane. Figure 4a depicts an example 

spectrum for the 0.57 V/nm² catalyst, together with the results from the two modulation 

settings used above, while the spectra of the other samples are discussed in the SI 

(see Figs. S20 and S21). The results largely confirm those obtained for the OH and 

carbonate regions (see Fig. 3a). In the carbonate region, besides the major peaks at 

1325 and 1360 cm-1, small contributions due to COO modes are detected at 1440 and 

1530 cm-1, which are attributed to a kinetic isotope effect, showing its relevance for the 

first hydrogen abstraction to the catalyst’s surface. Remarkably, the isotopic ME-

DRIFT spectra provide important new insight into the vanadia dynamics, which goes 

beyond the operando Raman and DRIFTS results shown in Fig. 2. In fact, closer 
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inspection of the vanadyl region reveals a gas-phase-dependent fine structure, which 

is shown in an enlarged view in Fig.4 b-c together with results of a fit analysis. Figure 4d 

summarizes the proposed assignments for the transient vanadyl features.  

Considering the (static) Raman results, the active participation of vanadyl in the 

ODH reaction can be rationalized on the basis of a fast regeneration process, which 

prevents the structural dynamics from being resolved by the operando Raman 

experiments. While the vanadyl fine structure is resolved for all loadings (see Fig. 4), 

it is most clearly visible for the 0.57 V/nm² sample. This behavior can be explained by 

the fact that the MES signals are based on intensity changes triggered by the 

modulation, which in this context is the conversion of propane. As can be seen in 

Fig. 4a, the 0.57 V/nm² sample shows a distinct signature for each gas phase. For 

constant oxygen and pulsed propane flow, the PSD spectrum is dominated by four 

peaks, at 1004, 1015, 1028, and 1039 cm-1, that coincide with monomeric, dimeric, 

tetrameric, and pentameric vanadia species, respectively, consistent with the Raman 

results (see Fig. 2e).  

Comparison of the different gas phases, i.e., constant oxygen/pulsed propane to 

constant propane/pulsed oxygen reveals significant shifts in the peak positions. 

Interestingly, for all three samples, peaks at around 997, 1005, 1020, 1040, and 

1045 cm-1 are observed. A vanadyl peak at 997 cm-1 is typically associated with 

crystalline V2O5, which is expected at high vanadium loadings. Based on the 

characterization data, including the visible Raman data discussed above, the presence 

of crystalline V2O5 can be safely ruled out. Furthermore, the peak at 997 cm-1 

decreases in intensity with increasing vanadium loading, contradicting the current 

knowledge about V2O5 formation on supported VOx systems.36–38,42 Since the constant 

propane mode leads to more reducing conditions, the formation of reduced states 

appears to be a reasonable explanation. To this end, the reduction of the ceria support 

may lead to the creation of surface oxygen vacancies, which can subsequently be 

occupied by vanadia monomers through structural relaxation. Other reasons for the 

red-shift, such as the binding of water to the vanadyl bond, that were previously 

described26 seem unlikely due to the high temperature at which the reaction takes 

place. Therefore, it is proposed that the unique interaction between surface oxygen 

vacancies and monomeric species induces a vanadyl red-shift. This interaction is only 

observed for monomeric species, as described in previous DFT studies.32 Such a red-

shift of monomers was also observed in our preliminary DFT calculations on defective 
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ceria loaded with monomeric VOx in the form of VO and VO2 clusters.31,32 Such a 

scenario would also be in good agreement with the changes in the Ce-OH region (see 

Fig. 3a), where, with increasing vanadium loading, Ce-OH groups are formed close to 

surface vacancies, indicating that hydrogen from propane is first transferred to VOx 

and then to a nearby ceria lattice oxygen before subsequent reaction to water 

accompanied by the formation of a surface vacancy (see below), located in proximity 

to a vanadia species. While ceria keeps vanadium in oxidation state +V, the time 

resolution of MES is sufficient to detect the brief phase in which vanadia is reduced by 

the reaction before it is quickly re-oxidized by ceria.  

Comparison of spectra recorded in constant oxygen (blue) and constant propane 

(red) mode reveals that monomeric, dimeric, tetrameric, and pentameric vanadia 

structures are present for both gas phases, confirming that all of those species are 

active during the ODH reaction, whereas the trimeric vanadia species is only 

observable in constant oxygen mode, which is likely to also show observer species for 

the same reasons as mentioned above and described in detail in the SI (see Fig. S18). 

This makes it likely that trimeric species do not participate in the ODH of propane, 

which would be consistent with previous DFT results,32 which have identified trimers 

as the energetically most stable species on a ceria surface. Therefore, the trimeric 

species seems to undergo an initial reduction step, which makes it detectable in the 

constant oxygen mode, but does not continue to react further towards propylene from 

this reduced state, which leads to its absence in the spectrum in the constant propane 

mode and the presence of a permanently reduced trimeric species, explaining the 

observed d-d transitions from the operando UV-Vis spectra (see Fig. 2d). 

To distinguish the roles of the remaining dimeric, tetrameric, and pentameric 

species, the vanadyl region of the isotopic MES data is considered (see Fig. 4 b-c and 

S22, green). In these spectra, only the V=O peaks at 1015 and 1040 cm-1 for the 

0.57 V/nm² and 1.36 V/nm² samples and the V=O peak at ~1040 cm-1 for the 

2.83 V/nm² sample are clearly observable, indicating that dimeric and (with higher 

loading increasingly) pentameric vanadia species are involved in the reaction. A broad 

signal at the trimeric position is also present, which is in agreement with the 

aforementioned discussion about the reduced trimeric state. Interestingly, comparison 

of the blue and red spectra reveals that the V=O peaks of the dimeric and oligomeric 

species show blue-shifts under more reducing conditions. While DFT calculations of 

surface vanadia species under such transient conditions are not available in the 
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literature, the detected spectral behavior may be explained by structural changes in 

vanadia upon hydrogen abstraction, which is, for example, induced by oxygen 

vacancies, hydrogen bound to the ceria surface, or V=O - - - H formation. No complete 

relaxation into nearby vacancies as for monomeric species is observed for dimers and 

oligomers, probably due to the structural constraints of vanadia chains. The detected 

blue-shifts in the transient spectra rather imply more condensed vanadia structures, 

which are subject to increased dipole coupling between neighboring V=O groups.31,32 

Bond-length changes of the vanadyl group, explaining the blue-shift, depending on its 

interaction with propane/hydrogen atoms and its chemical surroundings, were also 

previously predicted on silica using DFT calculations.71 Furthermore, it has already 

been shown by DFT calculations32 that for monomeric structures hydrogen that was 

abstracted to the ceria surface can form hydrogen bonds with V-O-Ce interface 

oxygen, which may introduce changes in vanadia bond lengths and which may also be 

possible for dimeric and oligomeric species. Since oxygen vacancies are preferably 

formed in proximity to vanadia, and hydrogen that is transferred from a V=O bond to 

the ceria surface is also in close proximity to vanadia (thereby creating hydrogen 

bonds), only vanadia species that actively participate in the ODH reaction should be 

subject to such ceria- and/or interface-induced structural changes.32 Therefore, dimeric 

and oligomeric vanadia can be identified as key structures for hydrogen abstraction 

from propane towards the ceria surface. These effects can only be observed using 

transient spectroscopy, as vanadia is regenerated very fast to oxidation state +V by 

ceria, making the detection of those species impossible with static spectroscopies. For 

the samples with higher loadings, the vanadia surface species are shifted towards 

higher nuclearities. For example, for the 2.83 V/nm² sample, mostly the oligomeric 

species is detected, which can be explained by the relatively smaller proportion of 

species with lower nuclearity as well as the even smaller propane conversion of the 

2.83 V/nm² sample, both of which decrease the intensity of those contributions below 

the detection limit of MES. In summary, different vanadia nuclearities fulfill different 

roles during propane ODH, which leads to different spectroscopic behavior, where 

different species might red-shift, blue-shift, or not change their position in the PSD 

spectra, depending on their reaction behavior. 
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Figure 5: Temporal analysis of propane ODH at 275 °C (a) ME-DRIFT spectrum of the 

1.36 V/nm² sample during constant propane/pulsed oxygen flow (b) Corresponding time 

constants determined by in-phase angle analysis. Error bars were determined from multiple 

measurements of the same sample (compare Table S2). 

 

Finally, the time evolution of the surface processes, i.e., the adsorbate dynamics, 

will be discussed, based on the in-phase angle analysis of the spectra (see 

experimental section). The top of Fig. 5 depicts the ME-DRIFT spectrum recorded at 

constant propane/pulsed oxygen flow for the 1.36 V/nm² sample, while the bottom 

shows the time constants determined for important vibrational features (marked in the 

top panel), allowing the temporal evolution of the relevant surface processes during 

the ODH reaction to be visualized. The values of the time constants referring to the 

1.36 V/nm² sample are summarized in Table 2, and those for the remaining samples 

in Table S2. 
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Table 2: Temporal evolution of IR modes involved in propane ODH at 275 °C (example result 

for the 1.36 V/nm² sample). 

Wavenumber /cm-1 Time /s Assignment 
1994 
2017 
3608 
3730 
2037 
1441 
1768 
2087 
1289 
1608 
3650 
1329 
1561 
1523 
1368 

20 ± 2.3 
21 ± 2.3 
21 ± 2.3 
21 ± 2.3 

21.3 ± 2.6 
21.6 ± 1.54 
22.4 ± 1.54 
22.4 ± 2.7 

24.2 ± 1.54 
26 ± 1.54 
26.3 ± 2.4 

27.8 ± 1.54 
31.2 ± 1.54 
32.7 ± 1.54 
34 ± 1.54 

V=O overtone 
V=O overtone 

V-O-H 
Ce-OH I-A 

V=O overtone 
υs O-C-O 

υ C=O 
V=O overtone 

υs C-O 
υas C=C 

Ce-OH II-B 
υ C-H 

υas COO 
υas COO 
υs CH3 

 

From the values of the time constants, it can be seen that vanadyl signals, Ce-OH 

signals from singly bound hydroxyl groups, and V-OH signal groups are the first to be 

detected. For the following discussion, only the time constant of the overtone will be 

considered, which is explained in the SI (see Fig. S5). As there is no evidence from 

static operando spectroscopic for the permanent reduction of vanadia, but only from 

transient results, V-O-H formation is likely to occur very fast and to be followed by a 

hydrogen transfer to the ceria surface, thereby regenerating the vanadia structure.33 

Such a scenario is supported by DFT results, which propose the reduction of ceria 

lattice oxygen to be energetically more favorable than vanadia reduction.31–34,39 

Continuing with the discussion of Fig. 3a, within the time frame of the initial processes, 

also the feature at ~1440 cm-1 (O-C-O) appears. The temporal evolution suggests that 

the corresponding adsorbate represents the state in which propane is initially 

adsorbed, either during or after the first hydrogen abstraction. In parallel to the 

1440 cm-1 feature, the peak at ~1780 cm-1 is detected, which is correlated with CO2 

formation,51,52 indicating that CO2 formation may occur in parallel to propylene 

formation and not exclusively as a follow-up reaction to propylene formation, as 

suggested in the literature. Such a scenario is supported by the fact that, with 

increasing vanadium loading, the peak at 1780 cm-1 declines whereas the 1440 cm-1 

feature stays largely constant, resembling the COx and propylene yields, respectively. 
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The observed behavior supports the proposal of two distinct reaction pathways: one, 

which proceeds close to vanadia structures, leading mostly to propylene and one, 

which proceeds on the CeO2 surface, yielding mostly CO2. This also explains the 

smaller increases in selectivity upon doubling the vanadium loading, as 3D structures 

begin to form and the COx pathway is still accessible on the remaining ceria surface. 

These processes occur in addition to the observed interaction between vanadia 

monomers and oxygen vacancies. In this context, it seems likely that the blockage of 

vacancies by vanadia monomers might not only slow down the ceria lattice oxygen 

dynamics but also block the sites on the ceria surface that play an important role in the 

reaction pathway towards COx, further increasing the complexity of interactions 

between vanadia, ceria, and propane. Based on the MES data, the two different routes 

towards CO2 and propylene, as well as the further reaction of the abstracted hydrogen, 

can be followed separately. We start with the abstracted hydrogen, which is first 

transferred to the V=O group and then to the ceria surface, forming singly bound Ce-

OH (I-A) and continuing to react towards bridged hydroxyl (II-B) close to an oxygen 

surface vacancy.41,70 While no additional signals for this route are observed, it stands 

to reason that bridged hydroxyls recombine to form singly bound Ce-OH2 and finally 

water on a time scale not accessible by MES.33 For the route towards CO2 the first 

adsorption state is followed by structures characterized by features at 1289 cm-1 (C-O) 

and finally 1523 and 1561 cm-1 (COO). These were assigned by their late appearance 

in the temporal evolution as well as their high oxygen content, which is commonly 

associated with carbonate formation. The latter features are among the last to be 

detected and exhibit comparably high intensities, indicating that they represent 

important intermediates towards CO2 formation.  

For the propylene route, after the initial adsorption state, the appearance of the 

features at 1608 (C=C) and 1329 cm-1 (C-H) is in good agreement with a propylene-

like intermediate state. In fact, the double bond at 1608 cm-1 was previously described 

in the context of an acrylic coordination of propane.51 Besides, the peak intensities of 

the features at 1608 and 1329 cm-1 are in agreement with the observed propylene 

selectivities. The feature at 1368 cm-1 (CH3), which is observed last in the temporal 

analysis, is likely to originate from the CH3 group of propylene, which is either adsorbed 

or about to be desorbed. Based on the detailed mechanistic insights discussed above, 

we propose a reaction mechanism for propane ODH over VOx/CeO2 catalysts (see 
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Fig.6) containing two pathways, one that occurs close to vanadia and leads to 

propylene, and one that occurs on ceria and leads to COx. 

 

 

Figure 6: Proposed reaction mechanism for propane ODH over VOx/CeO2 catalysts. As shown 

on the left, in the vicinity of surface vanadia, the reaction proceeds via an acrylate intermediate. 

On ceria (i.e. at a large distance from surface vanadia), the reaction is proposed to proceed 

via an isopropyl intermediate (on the right). 
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4. Conclusion 

We present the first application of conventional operando spectroscopies, ME-

DRIFTS, and isotopic ME-DRIFTS to ODH reactions of alkanes, focusing on the 

mechanistic investigation of propane ODH, which is of great interest for commercial 

applications. Previously established, commonly applied operando spectroscopy 

provides significant insights into the reaction mechanism, however, the surface 

dynamics and the role of vanadia have not been clarified yet.27 By applying modulation 

excitation spectroscopy in combination with multiple operando spectroscopies, we 

were able to greatly enhance the level of understanding of propane ODH over 

supported vanadia catalysts.  

We were able to demonstrate that ceria actively participates in the reaction, providing 

surface oxygen for the oxidation of propane and acting as an oxygen buffer with the 

possibility of reoxidizing the surface via bulk oxygen, mainly producing COx. The 

introduction of vanadia leads to multiple interactions, which change the activity of the 

catalyst. First, monomeric vanadia species are shown to slow down the oxygen 

dynamics in the catalyst by irreversibly blocking surface vacancies required for COx 

production, resulting in a decreased conversion and COx production. The addition of 

vanadia enables a second reaction pathway, which leads to the formation of propylene. 

The route to COx passes through an isopropylic structure on ceria, whereas propylene 

is formed from an acrylic structure strongly facilitated by proximity to vanadia. Both 

routes proceed in parallel but at different locations on the surface. 

For vanadia-loaded catalysts, the specific role of different vanadia nuclearities for 

the reaction mechanism was elucidated, i.e., monomeric species block oxygen 

vacancies, the V=O bonds of dimeric and oligomeric species are involved in the initial 

hydrogen abstraction, while trimers were too stable for active participation. Hydrogen 

is then transferred to the ceria surface, regenerating V5+ and forming Ce-OH on a very 

fast time scale, before leading to water and oxygen vacancy formation. These vanadia 

dynamics were accessible for the first time by MES on VOx/CeO2 due to the detected 

vanadyl fine structure, which allows the structural changes in the vanadia species to 

be temporally resolved. The observed structural changes shed new light on the role of 

vanadia in ODH reactions, which both experimentally and theoretically has been 

proposed to stay in +5 oxidation state during propane ODH over ceria-based 

catalysts.3,29–39  
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Based on our findings,27 we propose a detailed reaction mechanism for the ODH of 

propane over VOx/CeO2, directly linking the catalytic activity to solid-state properties 

(including defects), adsorbate structures, and the roles of different vanadia 

nuclearities. Our results highlight the potential of (isotopic) modulation excitation IR 

spectroscopy for elucidating the surface dynamics of propane ODH over supported 

vanadia. The combination of IR-MES with operando spectroscopies provides a 

powerful methodical approach readily applicable to other catalysts and reactions in the 

context of oxidation catalysis. Due to the importance of IR spectroscopy in catalysis, 

we expect widespread adoption of the MES approach for performing detailed 

mechanistic investigations and for resolving the catalysts’ dynamics. 
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