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Abstract 

The oxidative dehydrogenation (ODH) of propane is of great technical importance and 

supported VOx catalysts have shown promising properties for the reaction. One of the 

most prominent and active supports is titania, which exhibits a high activity but many 

questions regarding the catalyst system are still of debate. In this study, we elucidate 

the mechanism of the propane ODH reaction over VOx/TiO2, using P25 and ALD 

(atomic layer deposition) synthesized TiO2/SBA-15 as a support, with XPS, XRD, 51V 

solid-state (ss)NMR, operando multi-wavelength Raman, operando UV-Vis, and 

transient IR spectroscopy. Bare titania shows a small conversion, leading to carbon 

formation and the reaction occurs at the interface between anatase and rutile. In 

comparison, in VOx/TiO2 catalysts the activity shifts from titania to vanadia sites. UV-

Raman spectroscopy and structural characterization data revealed the reaction to 

involve preferentially the V=O bonds of dimeric species rather than doubly bridged V-

O-V bonds, which leads to higher propene selectivities. The active vanadium site 

shows a nuclearity-dependent behavior, that is, at higher loadings, when oligomeric 

vanadia is present, it shifts from V=O bonds to linear V-O-V bonds in oligomers, leading 

to a less selective oxidation due to the better reducibility. Our operando/transient 

spectroscopic results demonstrate the direct participation of the titania support in the 

reaction, by influencing the degree of vanadia oligomerization and by enabling rapid 

hydrogen transfer from propane to vanadia via Ti-OH groups on anatase, accelerating 

the rate-determining step of the initial C-H bond breakage. The broader applicability of 

the results is confirmed by the behavior of the ALD-synthesized sample, which 

resembles that of P25. Our results highlight the detailed level of mechanistic 

understanding accessible from a multiple spectroscopic approach, which can be 

readily transferred to other materials and/or reactions. 
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1. Introduction 

Propylene is an important basis chemical that is used to produce a variety of different 

industrial and consumer products, such as polypropylene, propylene glycol etc. The 

large demand for propylene by the chemical industry cannot be met by traditional 

production methods such as steam cracking. Therefore, the use of alternative methods 

of propylene production would be of great utility to close the gap between demand and 

supply.1–3 One promising alternative way to produce propylene is the oxidative 

dehydrogenation (ODH) of propane, where, in contrast to traditional processes, oxygen 

is added to the feed. This has multiple advantages, including that the reaction becomes 

exothermic, allowing energy to be saved by heat integration of the additionally released 

energy. Furthermore, the reaction can occur at lower temperatures, further increasing 

the energy savings. Finally, the amount of coke that is traditionally formed on the 

catalysts during conventional processes by their oxidation to COx is reduced, hence 

increasing the catalyst lifetime and reducing waste.1–3 The main issue in making 

propane ODH viable is the low selectivity of the reaction due to over-oxidation of 

propane to COx. Therefore, the reaction needs to be suitably catalyzed. 

A promising class of catalysts for the reaction is supported vanadia (VOx), which 

has previously been shown to be active on multiple supports (SiO2, Al2O3, TiO2, CeO2, 

ZrO2) with good selectivities.4–8 One of the most active systems for the reaction is 

vanadia supported on titania (VOx/TiO2), which shows one of the lowest activation 

energies for the reaction.4,5 The high activity has been proposed to be caused by the 

active participation of the support in the reaction,3,5,6 but the elucidation of the detailed 

interactions within the VOx/TiO2 system are still a challenge. This is partly due to the 

strong absorption of titania in the UV range, which can lead to self-absorption of the 

spectroscopic signal if it is located in a similar range (e.g., UV-Raman).9  

In previous studies, VOx/TiO2 catalysts were investigated for a large variety of 

reactions, including NH3 selective catalytic reduction (SCR),10–13 the combustion of 

volatile organic compounds (VOCs),14,15 hydrodeoxygenation,16 selective alcohol 

oxidation (methanol17, ethanol18), photocatalytic reactions,19,20 (due to the 

semiconducting properties of TiO2), and also ethane21,22 and propane ODH.4–6,23–29 In 

the context of ODH reactions, a major point of discussion has been the interaction 

between titania and vanadia, and, in particular, the exact role of the titania support. On 

the one hand, this has been proposed to actively participate in the reaction via defect 

formation (i.e. Ti-OH or oxygen vacancy formation) and, on the other, to coordinate the 
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vanadium in a way that renders it more active than on other support materials.6,30 

Furthermore, the exact vanadia structure and the influence of the vanadia nuclearity 

on the reactivity is not clear.13,31 The vanadyl peak for VOx/CeO2 shows a detailed fine 

structure in Raman spectra, which allows for the assignment and quantification of the 

distribution of vanadia nuclearities, thus determining their detailed influence on the 

catalytic activity.8,32 For VOx/TiO2 systems, however, the situation appears to be more 

complex, as there are only two contributions in the vanadyl region of the Raman 

spectrum, which have previously been assigned to short- and long-chain vanadia 

species.13,31,33 For ODH reactions over VOx/TiO2 previous studies have provided 

valuable insight into some of the aspects outlined above. For example, by use of 

operando X-ray absorption spectroscopy (XAS) during ethanol ODH, Zabilska et al.18 

showed that the redox cycle of the reaction takes place over vanadia rather than titania, 

which does not change its oxidation state. For propane ODH, despite the large number 

of studies on supported vanadia including VOx/TiO2, there are only a few operando34 

and no transient spectroscopic studies available in the literature that provide direct 

spectroscopic evidence of the reaction mechanism and the catalyst’s mode of 

operation.4–6,23–29 

In this study, we aim to provide an answer to the following key questions 

debated in the literature in the context of the mechanism of propane ODH over 

VOx/TiO2 catalysts: What is the active site of the catalyst and what is its 

nuclearity-dependence? How does the titania support influence the reaction and, more 

specifically, does it directly participate in the reaction? How can the selectivity behavior 

be explained? For that, we combine multiple experimental approaches, which have 

rarely been used in the context of alkane ODH before, to obtain a fresh perspective on 

the structural dynamics. First, we use multi-wavelength Raman spectroscopy, which 

has shown great potential for VOx/CeO2 systems, to investigate bulk titania by tuning 

the excitation wavelength to 385 nm. There we avoid most of the strong UV absorption 

of titania but can still selectively enhance the support’s signal intensity due to 

resonance effects, allowing for the dedicated investigation of titania (385 nm) and 

vanadia (514 nm).7,8 By combining this with further methods, including 51V ssNMR, 

XPS, XRD, and operando UV-Vis as well as modulation excitation (ME-) DRIFTS 

(diffuse reflectance infrared Fourier transform spectroscopy), we aim to elucidate 

structure-activity relationships, leading to a detailed mechanistic picture. The 

combination of multiple operando spectroscopies and ME-DRIFTS has previously 
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been shown to enable an enhanced level of understanding of other oxidation 

catalysts.8,35 Finally, as a reference system and to demonstrate the broader 

applicability of the results, we investigate the behavior of  ALD-synthesized samples, 

which reduce the amount of bulk titania, thus minimizing the influence of UV absorption 

in comparison to the P25 samples with different vanadium loadings.12,36 
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2. Experimental Section 

2.1. Sample Preparation  
As a support, two different materials were used. Titania P25 (Aeroxide, Sigma-Aldrich, 

≥99.5%) was purchased, whereas silica SBA-15 was synthesized as described 

previously.37 The P25 samples were characterized by nitrogen physisorption and 

subsequent analysis by the Brunauer-Emmet-Teller (BET) method, yielding a surface 

area of 73 m²/g. They were loaded by wet-impregnation using an aqueous solution 

containing a 1:2 ratio of ammonium meta vanadate (AMV) and oxalic acid with four 

different concentrations (1.219, 0.585, 0.244, and 0.049 mol/l), resulting in samples 

loaded with vanadium surface densities of 2.5, 1.2, 0.5, and 0.1 V/nm², respectively, 

which is below monolayer loading, thus ensuring that only amorphous vanadia was 

present.27 The  loaded samples were dried at 120 °C for 12 h and then calcined for 4 

h at 480 °C. 

SBA-15 was coated with TiO2 by ALD in a custom build set-up.38 After 200 mg 

of SBA-15 have been placed in the ALD reactor, the reactor temperature was set to 60 

°C (pressure: 1.3 Torr). The SBA-15 was then coated with 72 ALD cycles, where one 

cycle consisted of three half cycles of TiCl4 and three half cycles of H2O.12 During each 

half cycle, the sample was exposed to TiCl4/H2O for 60 s and then flushed for 60 s with 

nitrogen.39 The theoretical thickness of the resulting TiO2 thin film corresponds to 10 

nm on a silicon wafer as determined by ellipsometry.40 The coated samples were 

calcined in air at 600 °C for 12h to crystallize the deposited TiO2 and will be referred to 

as SBA15-T (SBA-15 coated with titania). The specific surface area was determined 

to be 78 m²/g by using nitrogen physisorption and subsequent BET analysis. The 

sample was then loaded with vanadia in the same way as the P25 samples and the 

precursor concentration was adjusted for the different surface area, resulting in an 

aqueous solution with a 1:2 ratio of AMV and oxalic acid with a concentration of 0.621 

mol/l, resulting in a vanadium surface density of 1.2 V/nm². A summary of the prepared 

samples is given in Table 1. 
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Table 1: Overview of the P25- and ALD-synthesized samples used in this study. 

Sample Name Surface Area 
/m2g-1 

Vanadia Density 
/V nm-2 

ALD Substrate Number of Cycles 

P25 
P25+0.1 V/nm² 
P25+0.5 V/nm² 
P25+1.2 V/nm² 
P25+2.5 V/nm² 
SBA15-T 
SBA15-T+1.2 V/nm² 

73 

73 

73 

73 

73 

78 

78 

- 

0.1 

0.5 

1.2 

2.5 

- 

1.2 

- 

- 

- 

- 

- 

SBA-15 

SBA-15 

- 

- 

- 

- 

- 

72 

72 

 

2.2. Catalytic Testing 

Catalytic testing was performed in a CCR 1000 reaction cell (Linkam Scientific) in a 

fluidized bed operating mode, using 60 mg of catalyst for the P25 samples and, due to 

its much lower density, 25 mg of the ALD-synthesized samples. The samples were first 

dehydrated in 12.5% O2/He for 1 h at 365 °C, subsequently cooled to 50 °C, exposed 

to 12.5% O2/12.5% C3H8/He with a total flow rate of 40 mln/min, and then heated in 45 

°C steps up to 550 °C, staying at each temperature for 1 h. The gas-phase composition 

was analyzed continuously using a gas chromatograph (GC, Agilent Technologies 

7890B) equipped with a PoraPlotQ and a Molsieve column as well as a thermal 

conductivity detector (TCD) and a flame ionization detector (FID) in series. The set-up 

is connected through a twelve-way valve. One chromatogram is measured every 

29 min, resulting in two chromatograms for each temperature, which were averaged. 

The pressure before and after the GC was monitored to correct the detected areas for 

pressure fluctuations. The obtained conversions were normalized to the surface area 

of the catalyst, due to the significantly different sample masses used for P25 and ALD-

synthesized catalysts. 

 

2.3. X-Ray Diffraction  

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

diffractometer with a Ge(111)-monochromator, Cu Kα1 radiation (λ = 1.54060 Å), and 
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a MYTHEN-1K (Dectris) detector, using a flat sample holder in transmission geometry. 

The powder XRD patterns were recorded ex situ. 

 

2.4. 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 placed 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 in 12.5% O2/He for 1 h at 365 °C. 

Operando spectra were measured at 320 °C during reactive conditions (12.5% 

C3H8/12.5% O2/He), and for comparison under oxidizing conditions (12.5% O2/He), 

both after dehydration in 12.5% O2/He for 1 h at 365 °C with a total flow rate of 40 

mln/min. The spectra were further analyzed by a least-squares fitting analysis using 

Gaussian-Lorentzian (70/30) product functions. Product functions instead of purely 

Lorentzian functions were used to account for the large contribution of natural line 

broadening to the overall line-shape, caused by the short life-time of the electronically 

excited states. 

 

2.5. 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).41 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 changes of sample, by moving the particles in and out of the laser 

beam, allowing the use of a laser power of 7.5 mW at the location of the sample. 
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Furthermore, the fluidized bed helps to homogenize the temperature profile across the 

sample. Data processing included cosmic ray removal and background subtraction. 

For structural characterization, spectra were measured at room temperature after 

dehydration at 365 °C for 1 h in 12.5% O2/He. Operando spectra were measured at 

320 °C during exposure to reactive conditions (12.5% C3H8/12.5% O2/He) and for 

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

O2/He at 365 °C with a total flow rate of 40 mln/min. The spectra were normalized by 

setting the value of the anatase Eg peak to one and adjusting the remaining intensity 

values accordingly. The spectra were further analyzed by a least-squares fitting 

analysis using Lorentzian functions.  

 

2.6. Vis-Raman Spectroscopy 

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

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

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

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

electronically cooled CCD detector (–40 °C, 1024 × 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). A fluidized bed reactor 

was employed to avoid laser-induced damage, allowing the use of a laser power of 5 

mW at the location of the sample. Data analysis of the Raman spectra included cosmic 

ray removal and an auto new dark correction as well as normalization to the anatase 

Eg peak. For structural characterization, spectra were measured at room temperature 

after dehydration in 12.5% O2/He for 1 h at 365 °C. Operando spectra were measured 

at 320 °C during exposure to 12.5% C3H8/12.5% O2/He, and for comparison under 

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

O2/He at 365 °C with a total flow rate of 40 mln/min. The spectra were further analyzed 

by a least-squares fitting analysis using Lorentzian functions. 
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2.7. X-Ray Photoemission Spectroscopy 

X-ray photo-electron spectroscopy (XPS) was carried out on an SSX 100 ESCA 

spectrometer (Surface Science Laboratories Inc.) employing a monochromatic Al Kα 

X-ray source (1486.6 eV) operated at 9 kV and 10 mA; the spot size was approximately 

1 mm×0.25 mm. The base pressure of the analysis chamber was <10−8 Torr. Survey 

spectra (eight measurements) were recorded between 0 and 1100 eV with 0.5 eV 

resolution, whereas detailed spectra (30 measurements) were recorded with 0.05 eV 

resolution. To account for sample charging, the C 1s peak of ubiquitous carbon at 

284.4 eV was used to correct the binding-energy shifts in the spectra. Data analysis 

included a Shirley background subtraction and a peak-fit analysis using Gaussian-

Lorentzian (70/30) production functions. Atomic concentrations were calculated using 

the relative sensitivity factors (RSFs) given in Table 2. 

 

Table 2: Relative sensitivity factors (RSFs) used for the XPS analysis. 

 C 1s O 1s Si 2p Ti 2p V 2p 

RSF 0.537 2.930 0.817 7.810 9.660 

 

2.8. Physical Characterization  

The specific surface area and the pore diameter were determined by analysis of the 

nitrogen adsorption and desorption isotherms recorded on a Surfer BET analyzer 

(Thermo Fisher) after drying the samples in vacuum for 24 h. The isotherms were then 

analyzed by multipoint BET analysis. 

 

2.9. 51V ssNMR Spectroscopy  

51V ss (solid state)NMR spectra at 14.1 T were recorded on a Bruker Avance III HD 

600 MHz spectrometer operating at a frequency of 157.75 MHz for 51V as reported 

previously.42 Experiments were performed with a 3.2 mm 1H/X/Y triple resonance 

probe under magic angle spinning (MAS) at spinning rates of 18 and 21 kHz. Spectra 

were acquired using single-pulse excitation with a pulse length of 0.8 μs. This 

corresponds to flip-angles of ca. 30° at this probe. The relaxation delay was set to 1 s 
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and 2.65 x 104 to 3.6 x 105 scans were accumulated for each spectrum. The 51V 

chemical shifts were referenced to VOCl3, employing V2O5 (δ=−614 ppm) as an 

external standard.43 
51V ssNMR spectra at 9.4 T were recorded on a Bruker Avance II+ 400 MHz 

spectrometer operating at a frequency of 105.25 MHz for 51V. Experiments were 

performed with a 3.2 mm 1H/X/Y triple resonance probe under MAS at a spinning rate 

of 21 kHz. Spectra were acquired using single-pulse excitation with a pulse length of 

0.66 μs. This corresponds to a flip-angle of ca. 30° with respect to a 90° pulse on 13C. 

The relaxation delay was set to 1 s and 1.8 x 105 scans were accumulated for each 

spectrum. The 51V chemical shifts were referenced to VOCl3, employing V2O5 (δ = 

−614 ppm) as an external standard.43 

To avoid a structural change of the vanadia-loaded samples by water adsorption, 

samples were first dehydrated in 12.5% O2/He for 1 h at 365 °C in the Linkam reactor, 

cooled down to 25 °C in pure helium and then transferred via an argon flushed glove 

box into a watertight NMR rotor. The spectra were analyzed by a least-squares fitting 

analysis using Lorentzian/Gaussian product functions. 

 

2.10. Modulation-Excitation DRIFTS 

ME-DRIFT spectroscopy was performed on a Vertex-70 IR spectrometer (Bruker); the 

modifications made for recording ME-DRIFT spectra have been described 

elsewhere.8,35,44 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, was used to rapidly 

switch between different gas feeds, which were 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, each of which had a duration of 360 s and consisted of 240 

spectra. During each period, the gas-phase was switched after 120 spectra and back 

to the initial gas-phase with the start of the new period. For one spectrum, five 
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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 in 12.5% O2/helium atmosphere at 365 °C and a 10 min treatment at 

320 °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. 

During all ME experiments the temperature was kept at 320 °C. To remove the 

gas-phase contribution, we subtracted gas-phase phase-sensitive detection (PSD) 

spectra over KBr (see Figure S1) 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 transform (see Figure S2). Peak-fitting analysis 

of ME-DRIFT spectra was performed using Lorentzian functions employing the 

Levenberg–Marquardt algorithm implemented in OriginLab 2018. 

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 PSD is a Fourier transform according to45 

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 
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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: 

tper = (360 − φmax)360 ⋅ tper 

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

one spectrum. For 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 (see Figure S3), as discussed previously.8 Further details of the 

used software and the full code, which is available free of charge at GitHub, can be 

found elsewhere.46 
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3. Results and Discussion 

In the following, the results for the P25-based samples (VOx/TiO2) will be discussed. 

The results for the SBA-15-based VOx/TiO2/SiO2 samples are presented in the 

Supporting Information (SI) and will be discussed there, establishing a detailed 

structural model describing the layered ALD system. They will be referenced 

throughout the manuscript as an addition to the points made in the following. 

 

3.1. Characterization 

The P25 samples were first characterized regarding their electronic and geometric 

structure. Figure 1 shows their UV-Vis spectra, determined band gap energies and 

XRD patterns. The UV-Vis spectra and XRD patterns of the VOx/TiO2/SiO2 samples 

are given in the SI (see Figure S4) and will be discussed there. Tauc plots were used 

to determine the band gap energies (see Figures S5 and S6). The wavelengths at 

which Raman spectroscopy was performed are marked in the UV-Vis spectra because 

they are highly important for the selective enhancement of Raman intensities, as will 

be discussed below. 
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Figure 1: Structural characterization of VOx/TiO2: (a) UV-Vis spectra of bare P25 and vanadia-loaded 

samples. The inset provides an enlarged view of the visible region. The used Raman excitation 

wavelengths are marked. (b) Band gaps of bare P25 and vanadia-loaded samples as determined from 

Tauc plots. (c) XRD patterns of bare P25 and vanadia-loaded samples. In the insets the reflexes 

assigned to rutile and anatase within 24-28 and 35-40° are marked. The spectra and diffractograms 

were recorded under pristine conditions after dehydration in 12.5% O2/He for 1 h at 365 °C and 

subsequent cooling to room temperature. 

Figure 1a depicts the UV-Vis spectra of bare and vanadia-loaded P25 samples. 

The optical properties of titania and its different phases have been studied 

extensively47 and the absorption below 400 nm is dominated by the TiO2 absorption of 

P25, which contains anatase and rutile, and exhibits transitions at 203, 232, and 310 

nm, as well as at 168 and 154 nm.48,49 A contribution from TiO2 in the rutile phase is 

located at absorption energies lower than those of anatase, red-shifting the observed 

absorptions.50 Within the same region, the absorptions from monomeric and dimeric 

vanadia are expected31,51 but due to the high titania absorption, their exact contribution 

is hard to determine. Despite the additional absorption of vanadia below 400 nm, the 
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overall absorption is lower for vanadia-loaded P25 samples, except for the P25+2.5 

V/nm² sample, which may be caused by a perturbation of the TiO2 conduction band by 

the V 3d orbitals.52 This effect might be compensated by the high amount of vanadia 

loaded onto the P25+2.5 V/nm² sample, leading to a stronger increase in absorption 

than the decrease caused by the perturbation. Such a behavior is confirmed by the 

increased absorption of the higher-loaded samples compared to P25+0.1 V/nm². 

Above 400 nm, the dominance of the titania absorption decreases and higher vanadia 

nuclearities (oligomers) start to contribute, dominating the absorption at ~450 nm.31 

Here, the P25 sample with 0.1 V/nm² shows no significant absorption, indicating that 

no oligomerized species are present. The absorption then increases nearly linearly for 

the P25 samples loaded with 0.5 and 1.2 V/nm², pointing to a small amount of 

oligomerized species but the overall absorption is still comparably small. For the 2.5 

V/nm² sample, the absorption increases much more significantly, indicating that a 

significant amount of oligomerization of vanadia occurs between 1.2 and 2.5 V/nm², 

changing the surface chemistry of the sample. The absorption for this sample 

increases between 275 and 600 nm. As different vanadia nuclearities absorb at 

different wavelengths31 and the increase in absorption observed in the UV-Vis 

spectrum is not the same at all wavelengths, this can lead to differences in nuclearity-

dependent resonance enhancements between the two excitation wavelengths used for 

Raman spectroscopy. 

The band gap energies determined from Tauc plots are shown in Figure 1b. The 

typical band gap energies for titania have values between 2.7 and 3.3 eV, depending 

on their composition, where anatase is closer to 3.2 eV and rutile closer to 3.0 eV but 

the presence of oxygen vacancies further decreases the band gap to below 3.0 eV.53,54 

In addition, highly oligomerized vanadia can also red-shift the band gap energy, due 

to the absorption between 400 and 450 nm.31 The band gaps of bare P25 and P25 

loaded with vanadia up to 1.2 V/nm² reveal, within the margin of error, very similar 

band gap energies that are only slightly lower than those of bare P25 due to the 

presence of surface vanadia species and are all in the range between 2.7 and 2.9 eV.52 

This is in good agreement with literature values of defective titania samples.53,55 When 

the loading is further increased to 2.5 V/nm², the band gap decreases significantly in 

concurrence with the sharp increase in absorption above 400 nm. The decrease in the 

band gap energy can be attributed to the tailing of the absorption caused by the 
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presence of oligomerized vanadia as well as the charge-transfer transition from d-

orbitals of V4+ to the conduction band of TiO2.56,57  

Figure 1c shows the XRD patterns of the P25-based samples. As P25 is 

composed of 77% anatase, 16% rutile, and 7% amorphous titania,58 there are reflexes 

from the anatase and the rutile phase. The half-width of the reflexes indicates the 

presence of crystallites with a significant size of >15 nm (determined using the Scherrer 

equation). The overall shape and line-width does not vary with the vanadia surface 

density and no additional peaks are present at the highest loadings, indicating only 

amorphous vanadia or crystallites with a size below the XRD detection limit. The 

P25+1.2 V/nm² sample shows a slightly higher intensity in the rutile-related reflexes, 

which might be caused by a not fully inert sample transfer. As the support is a 

commercial one and the same for all samples, we conclude that this is likely caused 

by a slightly different pretreatment of the sample. However, this has no effect on the 

operando/transient spectra shown below, as each of the measurements was 

performed with a fresh sample. 

Figure 2 shows the results of the multi-wavelength Raman spectroscopic 

characterization of VOx/TiO2 with UV (385 nm) and visible (514 nm) laser excitation. 

The corresponding Raman spectra of VOx/TiO2/SiO2 are provided in the SI (see Figure 

S7) and are discussed there in detail. An exemplary fit of the P25+1.2 V/nm² sample, 

used to quantify the vanadia-related features from the Vis-Raman spectra, is shown in 

Figure S8.
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Figure 2: Raman characterization of VOx/TiO2: (a) Normalized UV-Raman spectra (385 nm) of bare 

P25 and vanadia-loaded samples. The signal from the used CaF2 window is marked with an asterisk. 

(b) Normalized Vis-Raman spectra (514 nm) of bare P25 and vanadia-loaded samples used for 

quantification of vanadia features via deconvolution based on Lorentzian functions (c). All spectra were 

recorded after dehydration in 12.5% O2/He for 1 h at 365 °C and subsequent cooling to room 

temperature. 

Figure 2a shows the UV-Raman spectra of bare and vanadia-loaded P25 within 

the phonon region after 1 h of dehydration in 12.5% O2/He at 365 °C and subsequent 

cooling to room temperature. As the excitation wavelength is located within the region 

of titania absorption (see Figure 1a), an intensity increase due to resonance 

enhancement would be expected for titania. Titania features are located at 398, 516, 

630, and 802 cm-1 and can be assigned to different anatase and rutile phonons. The 

vanadia-related features at 858, 936, 991, and 1024 cm-1 are attributed to interface V-

O-Ti, bridging V-O-V, the terminal vanadyl bond of V2O5, and the terminal vanadyl bond 

of amorphous vanadia, respectively. A feature at 936 cm-1 was previously reported to 

be indicative of V4+ species or V-O-Ti bonds. However, the presence of V4+ species 
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can be ruled out, due to the significantly smaller Raman scattering cross-section 

compared to V5+ species.59 Furthermore, V-O-Ti bonds were ruled out since the lowest-

loaded sample (P25+0.1 V/nm²) shows no intensity at 936 cm-1 despite the presence 

of V-O-Ti bonds, as evidenced by the intensity recorded at 858 cm-1, while all higher 

loadings show significant intensity at 936 cm-1, consistent with the above assignment 

of this Raman feature to V-O-V bonds exclusively. Table 3 summarizes the Raman 

assignments for all samples. 

Table 3: UV- and Vis-Raman assignments of bare titania and vanadia-loaded samples. 

Position /cm-1 Assignment Reference 

398 

516 

630 

802 

858 

936 

991 

1020-1030 

B1g anatase 

A1g & B1g anatase 

Eg anatase 

B2g rutile 

V-O-Ti 

V-O-V 

V=O of V2O5 

V=O of VOx 

60 
60 
60 
60 
61 
59 
27 
31 

 

Figure 2b depicts the phonon region of the Vis-Raman spectra assigned to 

vanadia-related features. The excitation wavelength was located within the absorption 

of oligomerized vanadia to facilitate the quantification of vanadia-related features, 

avoiding the influence of TiO2 absorption. The same peaks are observed as with 385 

nm excitation but with higher intensity. The peaks were then quantified by using a fit 

analysis with Lorentzian functions (see Figure S8), yielding the results shown in Figure 

2c. The rutile B2g mode overlaps with the vanadia-related features but does not change 

significantly with the vanadium loading. We therefore conclude that the phase 

composition of P25 is not affected by the amount of surface vanadia, which is in good 

agreement with the XRD results. 

The 0.1 V/nm² sample is characterized by features from terminal V=O bonds of 

amorphous VOx and V-O-Ti bonds appear, while no V-O-V related features are 

detected, indicating that at the lowest loading vanadia is present in its monomeric form, 

which is consistent with the absorption at ~450 nm being absent for the sample (see 

Figure 1a). When the surface density is increased, the amount of terminal V=O and V-
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O-Ti bonds increases accordingly, while at a loading of 0.5 V/nm² V-O-V bonds can be 

detected for the first time, indicating that vanadia starts to form surface species with 

higher nuclearity. When the VOx surface density is increased to 1.2 V/nm², the V=O 

and V-O-Ti peaks show a further increase, but the V-O-V intensity increases more 

significantly, which suggests that cross-linking of vanadia species is an important 

process at these loadings, whereas the formation of new V-O-Ti bonds is less likely. 

For the sample with the highest loading, small amounts of V2O5 are formed in addition 

to an increase in all vanadia-related signals, except for the terminal V=O bond of 

amorphous vanadia, which only increases slightly. The V=O signal of V2O5 is not 

included in the amount of the quantified V=O shown in Figure 2c. For this loading, the 

V-O-Ti peak shows again a significant increase, since the amorphous 3D particles 

might add additional linkage to the titania support while new chains are also formed, in 

line with the significant V-O-V intensity increase due to 3D cross-linking. 

Note that the Raman cross-section of vanadyl in V2O5 has been estimated to be 

at least 5 times larger than that of dispersed vanadia, confirming that only small 

amounts of V2O5 are formed.62,63 Thus, the very small amount of V2O5 present on the 

surface is not expected to have a significant influence on the catalyst`s behavior. As 

the monolayer coverage of oligomeric VOx on titania is normally described to be much 

higher than 2.5 V/nm² (7.5-7.9 V/nm²),64–66 the formation of V2O5, that is, the 

oligomerization of vanadia is likely to be caused by the large number of defects in P25, 

as determined from the measured band gap energies (see Figure 1b). Even though 

the SBA15-T+1.2 V/nm² sample shows a much lower VOx defect density, it still 

contains V2O5 on the surface. This is not necessarily a contradiction since the titania 

phase of the ALD-synthesized sample is almost fully amorphous and the SBA-15 

support possesses pores coated by titania, in which vanadia might be crowded, 

inducing the formation of V2O5, even at lower loadings, and despite the lower defect 

density. The presence of small amounts of V2O5 would also explain the increased 

absorption intensity above 400 nm in the UV-Vis spectra (see Figure 1a). Due to the 

presence of V2O5, amorphous 3D particles are also likely to be present on the surface, 

which contain vanadium atoms linked by V-O-V, contributing to the steep increase of 

V-O-V in comparison to V-O-Ti and V=O. 

Additionally, the resonance enhancement of oligomers leads to a stronger 

increase in V-O-V intensity as well, unlike V=O, which is also present in monomers, 

which are only resonantly enhanced in the UV range. The discrepancy in the loading-
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dependent V=O intensities between the UV- and Vis-Raman spectra is well explained 

by the different resonance enhancements of the different nuclearities and the different 

absorption increases in the UV-Vis spectra of P25+2.5 V/nm², as discussed above (see 

Figure 1a). This leads to a much larger increase in the V=O signal for this sample at 

the 385 nm excitation wavelength than for the 514 nm excitation wavelength, which is 

further underlined when the loading-dependent V=O intensity is compared for both 

excitation wavelengths (see Figure S9). The presence of resonance enhancements is 

supported by the small intensities of the V=O and V-O-V overtones observable for the 

P25+2.5 V/nm² sample in the UV-Raman spectra, while they are barely visible for lower 

loadings due to the overlap with the overtone of the rutile E2g mode (not separately 

shown) and their low intensities. Furthermore, the amount of rutile is very important for 

the degree of oligomerization of vanadia on titania, as the presence of some rutile in 

the anatase phase increases the mobility of the vanadia species.67 All in all, vanadia 

starts to form 3D particles much more readily on P25 than would be expected from the 

typical value of the monolayer coverage. Translating this behavior to the P25 samples 

with lower vanadia loadings may result in a higher degree of V-O-V bonds than would 

be typically expected.  

For the SBA-15 based VOx/TiO2/SiO2 sample, XPS measurements (see Tables 

S1 and S2 and Figures S10 and S11) and nitrogen physisorption analyzed by the BET 

method are shown in the SI and combined with the UV-Vis, XRD and multi-wavelength 

Raman data to establish a structural model of the layered ALD system, which will be 

used as a reference in the context of the mechanistic interpretation. 

 

3.2. Catalytic Activity and Operando Spectroscopy 

Before the operando spectroscopic measurements were made, the catalytic activity of 

the catalyst was measured. Figures 3a and b present temperature-dependent 

conversions and selectivities for bare and vanadia-loaded P25 samples, while Figures 

3c and d present the loading dependence of the conversions and selectivities at 

320 °C. Temperature-dependent conversions and selectivities of the VOx/TiO2/SiO2 

sample are given in the SI (see Figure S13). 
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Figure 3: Reactivity behavior of VOx/TiO2 in propane ODH: Temperature-dependent (a) conversions 

and (b) selectivities of bare P25 and vanadia-loaded samples and the empty reaction chamber. The 

temperature at which operando spectroscopy was performed is marked. Loading-dependent (c) 
conversions and (d) selectivities of bare P25 and vanadia-loaded samples at 320 °C. 

 

Figure 3a shows the temperature-dependent propane conversion over bare and 

vanadia-loaded P25 samples, which is smallest for bare P25 but increases with the 

vanadium loading, in particular from 0.1 V/nm² to 0.5 V/nm². For comparison, the 

behavior of the empty Linkam reactor is shown, which shows conversions that are 

significantly smaller than those of the catalyst samples. At a temperature of 320 °C, 

conversions of <0.05 % are measured, which are within the margin of error. Therefore, 

we exclude any contributions of homogeneous gas-phase reactions or the reactor at 

the temperature chosen for the operando spectroscopy. Figure 3b depicts the 

corresponding selectivities towards propylene. For bare P25, the selectivity stays 

almost constant at around 30% for all temperatures, indicating that the oxygen mobility 
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in titania has no significant influence on the observed selectivities. The vanadia-loaded 

samples have a very high selectivity of 80%-90% at low temperatures, where the 

conversions are <0.1%, but show a decline to 40%-50% as the conversions start to 

increase to a significant level at ≥275 °C. Up to 400 °C the selectivities of the vanadia-

loaded P25 samples are higher than for bare P25 despite the higher conversions, 

indicating that the vanadia loading significantly changes the surface chemistry of the 

catalyst which leads to a different reaction mechanism. A temperature of 320 °C was 

chosen for the spectroscopic investigation, as the vanadia-loaded samples and even 

the bare support show significant conversions and selectivities that can be detected 

reproducibly. The loading-dependent conversions and selectivities for bare and 

vanadia-loaded P25 samples at 320 °C are summarized in Figures 3c and d. The 

conversions first increase significantly with increasing vanadium loading but then level 

off, especially for the increase from 1.2 to 2.5 V/nm², which is consistent with previous 

studies reporting no dependence of the conversion on the surface density above 2.5 

V/nm².3 As shown in Figure 3d, the selectivity for bare P25 is about 30%, increases to 

38% for a loading of 0.1 V/nm², then stays constant within the margin of error and 

finally starts to decrease back to 30% at a loading of 2.5 V/nm². Besides propylene, 

the only products detected were CO and CO2, and carbon on the catalyst surface. The 

selectivity behavior is mostly explained by the different conversions (see also 

discussion below), but for the highest loading, the higher degree of oligomerization (i.e. 

the large number of V-O-V bonds) and the presence of V2O5 might explain the decline 

in selectivity while the conversion stays constant. 

There are a number of kinetic studies on propane ODH over VOx/TiO2 catalysts 

available in the literature,5,6,23–29,68 covering a variety of titania supports, temperatures 

and vanadia loadings. Our activity data is similar to results reported for a fixed bed 

reactor operated closest to our conditions, indicating the comparability of the Linkam 

reactor to a fixed bed reactor,5,23 as discussed previously.7 Especially the loading-

dependent conversions reported in this study show a very similar course when 

compared to literature data acquired at the same temperature and for the same range 

of vanadium surface densities,23 while the corresponding selectivities are in line with 

reported fixed bed reactor results.5  

Figures 4a and b show the UV-Raman spectra of bare P25 and P25+1.2 V/nm² 

samples during oxidizing and reactive conditions as well as Vis-Raman data of the 

vanadyl region in the inset. The UV- and Vis-Raman spectra for the other P25 and 
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ALD-synthesized samples are given in the SI (see Figures S14 and S15). The 

observed intensity changes were quantified by a peak-fit analysis using Lorentzian 

functions (see Figure 4c). An exemplary fit of the vanadyl region in the UV-Raman 

spectrum of the P25+1.2 V/nm² sample is given in the SI (see Figure S16).  

 

Figure 4: Normalized UV-Raman (385 nm excitation) spectra of (a) bare P25 and (b) P25+1.2 V/nm² 

recorded at 320 °C under oxidizing (blue; 12.5% O2/He) and reactive (red; 12.5% O2/12.5% C3H8/He) 

conditions, characterized by the given conversions and selectivities. The peak originating from the used 

CaF2 window is marked with an asterisk. The inset shows the Vis-Raman spectrum (514 nm) of the 

vanadyl peak. (c) Observed intensity changes of the vanadia-loaded samples. The operando UV-

Raman spectra for the other samples as well as an exemplary fit are given in the SI (see Figures S14-

S16). 
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In Figure 4a, UV-Raman spectra of bare P25 are shown. Exposure to reaction 

conditions leads to an increase in the intensity of the rutile B2g peak at 820 cm-1. In the 

literature, this peak is normally described as a low intensity Raman feature, which 

highlights the selective enhancement of TiO2.60 The absorption maximum of rutile is 

also closer to the excitation wavelength than that of anatase, leading to more 

absorption in the near visible UV region for rutile than for anatase, which is in good 

agreement with the observed enhancements in the Raman spectra. Additionally, 

multiple peaks in the region between 1100 and 1750 cm-1 appear, which can be 

assigned to different amorphous carbon species on the surface.69,70 The sharp peak 

at 1150 cm-1 is not compatible with this assignment and has been attributed to carbon 

in hexagonal diamond configuration.71 This indicates that over bare P25 a significant 

part of the converted propane is deposited as carbon on the surface, which however 

cannot be caused by oxygen depletion, as the samples with the largest carbon deposits 

(P25 and P25+0.1 V/nm²) use the least oxygen, showing oxygen consumptions of 4 

and 11%, respectively (see Figure S17). As can be seen by the change of the rutile 

band at 820 cm-1 upon exposure to reaction conditions, a TiO2 phase-transition occurs, 

partially transforming anatase to rutile as nanocrystals, as the change is not detectable 

by XRD (see operando XRD results in Figure S18). This phase transition might be 

linked to oxygen vacancy formation, as oxygen vacancies are more easily formed at 

the boundary between the anatase and rutile phases and can facilitate a phase 

transition.53 The amount of transformed titania is probably small due to the low 

conversion of bare titania, and is expected to lead to only a small amount of oxygen 

vacancies because titania shows a lower oxygen mobility than other supports such as 

CeO2.72,73 

When vanadia is introduced, the observed changes in the catalysts` behavior 

differ significantly, as no more changes of the carbon and rutile features are detected 

in the Raman spectra (see Figure 4b). Instead, there are apparent intensity changes 

of the vanadia features related to V-O-V and V=O. Additionally, a significant red-shift 

of the vanadyl position can be observed in the Vis-Raman spectra (see inset). This 

behavior is consistent with a decrease in V-O-V intensity, as the breaking of V-O-V 

bonds reduces the average nuclearity of vanadia and hence the degree of dipole-

dipole coupling between the vanadyl groups, resulting in a red-shift of the vanadyl 

position.32 This red-shift occurs concurrently to a significant intensity decrease of the 

V=O peak intensity in both UV- and Vis-Raman spectra, as well as a significant 
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decrease in V-O-V intensity in the UV-Raman spectra. The same intensity changes 

are observed for the 0.5 V/nm² and the 2.5 V/nm² samples (see Figure S14), whereas 

the 0.1 V/nm² sample is characterized by a mixture of the bare titania and vanadia-

related dynamics. That is, the rutile band increases and the carbon features appear, 

but to a lesser degree than for bare P25, and the vanadyl feature shows a red-shift and 

an intensity decrease. For this sample, no V-O-V dynamics are observed, consistent 

with the presence of monomeric vanadia species, as discussed above.  

The intensity changes of all vanadia-loaded P25 samples (V=O shift, V=O and 

V-O-V area differences) upon exposure to reaction conditions is summarized in Figure 

4c. Starting with the V-O-V dynamics, the observed trend correlates well with the 

determined conversions (see Figure 3c), whereas the vanadyl area change and 

position follow the trend only up to a surface density of 1.2 V/nm². For the P25+2.5 

V/nm² sample, the V=O area change and V=O position decrease in comparison to the 

P25+1.2 V/nm² sample, and only the V-O-V area change increases significantly, while 

the conversion stays almost unchanged between 1.2 and 2.5 V/nm². This behavior 

suggests that both V=O and V-O-V oxygen atoms can support propane ODH but, at 

higher loadings, the high amount of V-O-V oxygen becomes the dominant oxygen site 

where, based on UV-Vis characterization (see Figure 1), more oligomeric species are 

present. As the conversion stays constant but the selectivity decreases between these 

samples, V-O-V bonds of oligomeric vanadia appear to be less selective than vanadyl 

oxygen. This trend becomes even more apparent when the SBA-15-based sample is 

considered, which is dominated by V=O dynamics (with very little V-O-V dynamics) 

and has a higher selectivity (see Figure S15 and discussion). This indicates that the 

reactivity behavior depends on the detailed vanadia site, specified by the type of 

oxygen atom as well as its nuclearity. 

For VOx/CeO2, it was possible to determine the distribution of different 

nuclearities on the surface from the vanadyl signal from either Raman or IR 

spectroscopy,7,32 but for other catalyst systems, such a detailed vanadyl fine structure 

has not been detected. To identify the significant vanadia sites on the P25-based 

catalysts, we applied a combination of Raman spectroscopy and 51V ssNMR 

spectroscopy. As V4+ and V3+ species have very short relaxation times due to their 

paramagnetic character, the ssNMR spectra show only signals attributed to V5+ 

species, enabling a direct comparison with Raman results.42,59 Note that V5+ species 

located close to paramagnetic species such as reduced vanadia or titania may not be 
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observed in the spectra due to paramagnetic bleaching. Since ssNMR spectra of the 

P25+1.2 V/nm² sample obtained at different field strengths reveal a significant 

contribution from second-order quadrupolar interactions (see Figure S19), the 

identification of various vanadia species via ssNMR line-shape analysis of the 

sideband pattern to extract the quadrupolar and the chemical shift anisotropy 

parameters is not feasible. The same is valid for the quantification of the vanadia 

species. Thus, a qualitative analysis of the isotropic signals obtained in the spectrum 

of the P25+1.2 V/nm² sample measured at 14.1 T and 21 kHz spinning was performed 

by using a peak-fit analysis with three Lorentzian/Gaussian product functions (see 

Figure 5a). The results can be compared to those obtained for the vanadyl region from 

UV-Raman spectra (see Figure 5b). The NMR spectra of P25+1.2 V/nm² are 

characterized by three signals located at ~-508, ~-530, and ~-564 ppm, which have 

previously been attributed to two monomeric sites (ordered and distorted) and dimeric 

sites, that are doubly bridged by V-O-V, respectively.67,74,75  Interestingly, the isotropic 

signal shows no contributions from higher oligomerized species that would all be 

present above -600 ppm. This might be due to the unique interaction of P25 with 

vanadia or to the complete absence of water, which would facilitate the oligomerization 

of vanadia if present.76–78  

Since for the P25+1.2 V/nm² sample only signals from monomeric and dimeric 

species are detected, it stands to reason that samples with lower loadings also contain 

only monomeric and dimeric species. For the P25+2.5 V/nm² sample, the significantly 

increased absorption at ~450 nm (see Figure 1) points to the presence of vanadia 

species with a higher degree of oligomerization, as discussed above. Thus, the 

vanadyl peaks in the Raman spectra of the P25-based samples were fitted by using 

one component for the P25+0.1 V/nm² sample (only monomers; see Figure S14), two 

components for the P25+0.5 V/nm² and P25+1.2 V/nm² samples (monomers, dimers), 

and three components for the P25+2.5 V/nm² sample (monomers, dimers, oligomers), 

i.e., by including species with a higher degree of oligomerization. The fact that the 

vanadyl fine structure in the Raman spectra comprises only two contributions is fully 

consistent with the exclusive presence of monomeric and dimeric species at loadings 

up to 1.2 V/nm². This approach is also in very good agreement with the shapes of the 

vanadyl peaks. To obtain accurate peak areas, the position of the monomeric species 

was determined from the spectrum of the 0.1 V/nm² sample and fixed when fitting the 

spectra of the other samples. The results of the quantification of monomeric and 
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dimeric species are shown in Figure 5c, together with the conversions of each sample 

and the percentage of dimeric species to the overall amount of vanadia loaded onto 

the sample.  

For validation, the same approach for quantification of vanadia nuclearities by 

combining NMR and Raman spectroscopy was applied to a reference VOx/CeO2 

system, as in this case the vanadia nuclearity distribution is well known due to the 

pronounced vanadyl fine structure in the Raman spectra of VOx/CeO2 systems, 

extending from monomeric to oligomeric species.8,32 This analysis confirms the above 

assignments and underlines that our NMR method is able to detect oligomeric vanadia 

structures and to rule out any external effects that would cover the oligomeric species 

in the NMR spectrum of P25+1.2 V/nm². The results together with their assignments 

are given in the SI (see Figures S20 and S21 and Table S4). 

 

 

Figure 5: (a) 51V ssNMR spectrum of P25+1.2 V/nm² measured at 14.1 T and 21 kHz rotational 

frequency referenced to VOCl3 with V2O5 as the external standard. The isotropic signal (determined by 

measurements at two MAS rates, see Figure S19) was fitted using three Lorentzian/Gaussian product 
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functions. (b) UV-Raman (385 nm excitation) spectrum of the vanadia region of P25+1.2 V/nm² together 

with an exemplary fit, using five Lorentzian functions. (c) Quantified areas of the monomeric, dimeric, 

and oligomeric components of the vanadyl peak in the UV-Raman spectra. The relative amount of 

dimeric species in relation to the overall amount of vanadia species is given and compared to the 

propane conversions. 

 

The quantification of the vanadia species from the Raman spectra as outlined 

above reveals that for the 0.1 V/nm² sample there are only monomers and that the 

relative amount of dimeric species increases with every loading step. The increase is 

especially relevant from 0.1 to 0.5 V/nm², where the increase in the conversion is also 

most significant, as well as from 1.2 to 2.5 V/nm², where there is only a small change 

in conversion. As discussed in the context of the operando UV-Raman spectra (see 

Figure 4c), the latter behavior is a result of the shift in composition of surface vanadia 

species towards dimers, leading to an increased activity due to V-O-V bonds and a 

decreased activity of the vanadyl oxygen, while simultaneously the selectivity 

decreases. This significant increase in dimeric species from P25+1.2 V/nm² to P25+2.5 

V/nm², as well as the small amount of species with a higher degree of oligomerization 

(based on the vanadyl deconvolution), is in good agreement with the results from UV-

Vis spectra (see Figure 1). The above findings lead to the conclusion that the V=O 

oxygen is an important site for the selective oxidation of propane. As the introduction 

of vanadia monomers already triples the catalyst activity compared to bare titania and 

the increase between bare titania is larger than that from 0.1 to 0.5 V/nm² despite the 

fact that only 1/5 of vanadium is present, it stands to reason that monomeric species 

are highly active. In comparison, doubly bridged V-O-V bonds appear to be less 

preferential to supply the oxygen atoms facilitating propane oxidation up to a loading 

of 1.2 V/nm². However, the activity shifts at least in part from monomers to dimers, as 

the participation of V-O-V is clearly evidenced. Thus the V-O-V site plays an important 

role for the further increase in reactivity, together with the monomers, which contribute 

to the V=O dynamics. When the loading is further increased to 2.5 V/nm², a significant 

amount of oligomerized species will be present on the surface (see Figure 1), which 

are linearly bridged with V-O-V,75 which becomes the preferential site that is more 

active but less selective than the previously preferential V=O bond of monomers and 

dimers due to its better reducibility. As shown in Figure 5c, the conversion scales with 

the overall amount of vanadia present due to oxidation at both V=O and V-O-V sites. 
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It does, however, not increase linearly with the vanadium loading, as, at the highest 

loading, more linear V-O-V sites are formed that replace V=O bonds as the active site. 

This is further emphasized by the significant decrease of V=O dynamics between 1.2 

and 2.5 V/nm² in UV-Raman spectra (see Figure 4c) but still increased V-O-V dynamics 

concurrently to the appearance of oligomerized vanadia. These also show a lower 

selectivity, which is in very good agreement with the quantification of the vanadyl peak 

in Figure 5c. Summarizing, the combination of 51V ssNMR and UV-Raman 

spectroscopy can lead to an advanced identification and even quantification of the 

nuclearity- and loading-dependent active vanadia sites in VOx/TiO2 catalysts. 

To further understand the catalysts´ mode of operation and, in particular, the 

role of reduced vanadia, which cannot be probed by NMR or Raman spectroscopy, 

UV-Vis spectroscopy was employed. Figures 6a and b show UV-Vis spectra of bare 

P25 and P25+1.2 V/nm² under oxidizing (12.5 % O2/He) and reactive (12.5% O2/12.5% 

C3H8/He) conditions at 320 °C, while Figure 6c summarizes the structural dynamics of 

the vanadia-loaded samples. Quantification was performed by fitting the entire UV-Vis 

spectrum, using Gaussian functions located at the positions of titania48,49 and vanadia79 

transitions reported in the literature. The operando UV-Vis spectra for the remaining 

P25 and ALD-synthesized samples are given in the SI (see Figures S22 and S23) and 

an exemplary fit used for the quantification of UV-Vis spectra is shown in Figure S24. 

 

 

Figure 6: UV-Vis spectra of (a) P25 and (b) P25+1.2 V/nm² measured under oxidizing (12.5% O2/He) 

and reactive (12.5% O2/12.5% C3H8/He) conditions at 320 °C. The insets show enlarged views of the 

visible region. (c) Quantification of the loading-dependent spectral changes. 

 

Starting with the UV-Vis spectra of bare P25, switching from oxidizing to reactive 

conditions leads to the appearance of a new absorption band at 520 nm that gradually 

decreases in intensity until its disappearance at 750 nm (see Figure 6a). The detected 

band can be attributed to a charge transfer transition due to titania reduced from Ti4+ 



 

32 
 

to Ti3+ caused by oxygen vacancy formation.80,81 The band gap shows a slight red-

shift, as determined by Tauc plots, which is also caused by defect creation, that is, Ti-

OH and oxygen vacancies create new states in the band gap, close to the conduction 

band, resulting in a decrease of the band gap energy.55 Both of these effects are rather 

small and, as the conversions of bare titania samples are small, appear to be caused 

by propane ODH. This leads to the following mechanistic picture of propane ODH over 

bare titania samples: propane first interacts with the catalyst, whereby lattice oxygen 

is then used to oxidize propane, leading to the formation of oxygen vacancies (see 

Figure 6a) on the interface between anatase and rutile where the defects are favorably 

formed besides additional rutile (see Figure 4a). In comparison to other oxide supports, 

titania is difficult to reduce, that is, high temperatures are needed to mobilize lattice 

oxygen.72,73 Due to the high temperatures required, propane is often overoxidized or 

converted to carbon on the catalyst surface once the oxygen becomes mobile, as is 

apparent from the carbon deposits detected by UV-Raman spectroscopy (see Figure 

4a). 

For comparison, the UV-Vis spectra of the vanadia-loaded samples do not show 

a band gap energy shift or a Ti3+ charge transfer signal, except for the P25+0.1 V/nm² 

sample, but a significant intensity caused by vanadium d-d transitions, due to the 

reduction of vanadium from 5+ to 3+/4+ (see Figure 6b).78 The spectra of the P25+0.1 

V/nm² sample resemble those of bare titania but to a lesser degree, as they already 

contain features of the vanadia-loaded samples. Figure 6c summarizes the extent of 

reduction of the P25-based samples, as measured via the d-d transitions, which shows 

a strong increase with increasing loading. For the P25+0.1 V/nm² sample, the 

integrated intensity of the d-d transitions is small, which at first sight disagrees with the 

more pronounced changes seen in the UV-Raman spectra (see Figure 4c), but may 

be explained by resonance enhancement of the V=O peak caused by the use of UV 

excitation. In fact, at such low loadings the sample is characterized by the presence of 

monomeric vanadia species, which experience a resonance enhancement at 350-400 

nm,31 resulting in an increase of the Raman signal not present in the UV-Vis spectra. 

Likewise, the P25+1.2 V/nm² sample is subject to an enhancement in the UV-Raman 

spectra due to similar surface vanadia species (see Figure 5), which are now present 

in larger amounts, and with the addition of dimers, which are more easily reduced, this 

leads to an increased signal of d-d transitions in UV-Vis spectroscopy. Overall, the 
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results from UV-Vis spectroscopy are in good agreement with the Raman and NMR 

results, supporting the proposed behavior of the VOx/TiO2 catalysts. 

Using static operando experiments, a provisional reaction mechanism can be 

deduced, which provides answers to three of the four key questions outlined in the 

introduction, i.e., the definition of the vanadia active site, its nuclearity dependence, 

and the role of titania in controlling the vanadia structure, including the degree of 

oligomerization, via its phase composition.67 The oxygen transfer paths had been 

followed and can explain most of the activity behavior of the VOx/TiO2 systems, but so 

far there had been no information on the role of the hydrogen dynamics that were 

previously established to be of significance for propane ODH.8 Additionally, the 

structural dynamics on VOx/TiO2 samples shown here resembles that of VOx on an 

inactive support like SiO2, as titania does not seem to participate in the reaction itself. 

To further understand the role of titania in the hydrogen transfers, transient IR 

spectroscopy was applied due to its potential to provide crucial mechanistic information 

for alkane ODH reactions.8 

 

3.3. Modulation-Excitation-DRIFTS 

Figure 7a depicts the PSD spectra of P25-based samples at a phase-angle of 360° 

during pulsed oxygen and constant propane flow at 320 °C. This specific flow scheme 

has previously been shown to provide more mechanistic information than a constant 

oxygen and pulsed propane flow mode.8 Figure 7b summarizes the loading-dependent 

quantification of the transient Ti-OH species detected during ME-DRIFTS. Static 

DRIFTS results (as a reference for the transient results), P25 and P25+1.2 V/nm² PSD 

spectra with a 30° phase resolution, as well as PSD spectra of all samples at 360° in 

constant oxygen and pulsed propane flow as well as pulsed oxygen and constant 

propane flow, are shown in the SI (see Figures S25-S29). For the quantification of the 

Ti-OH peaks, water rotational bands were removed from the spectrum, and exemplary 

data processing spectra are shown in Figure S30. 
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Figure 7: (a) PSD spectra of bare P25 and vanadia-loaded samples in a pulsed oxygen and constant 

propane flow at 320 °C at a phase-angle of 360°. The insets give an enlarged view of the fundamental 

and overtone of the vanadyl vibration. The transient Ti-OH species at 3740 cm-1 was first corrected for 

water rotational bands and then quantified (b). 

 

The PSD spectra of P25-based samples in Figure 7a reveal multiple peaks that 

are not visible in static operando DRIFTS. In the carbonate region, three peaks are 

most prominent, located at 1438, 1562, and 1618 cm-1 and at ~1370, 1480, and 1610 

cm-1 for bare P25 and vanadia-loaded samples, respectively. These peaks can be 

assigned to various species of formates and carbonates as well as the propylene C=C 

double bond.82,83 For the vanadia-loaded samples, additional peaks appear within 

1010-1040 and 1990-2040 cm-1, which can be assigned to the vanadyl fundamental 

and overtone vibrations.84 In the Ti-OH region, multiple OH groups can be detected at 

~3610, 3640, and 3740 cm-1. These can be attributed to V-OH, isolated Ti-OH on rutile 

and isolated Ti-OH on anatase, respectively.84–87 The peaks in the carbonate region, 

the vanadyl peaks and the Ti-OH groups at 3610 and 3640 cm-1 already show 

dynamics in the static operando DRIFT spectra. All these regions improve significantly 

in their spectral quality due to the removal of the background, noise and spectator 

species. Only the Ti-OH peak at 3740 cm-1 is not present in static operando DRIFT 

spectra, but in the PSD spectra of all samples, with varying intensity. It is assigned to 

a singly-bound Ti-OH group on anatase, which is the dominant phase in P25. Figure 

7b shows the integrated areas after removal of the water rotational bands. P25 has a 

higher amount of transient Ti-OH species than P25+0.1 V/nm², but at higher loadings, 

starting at 0.5 V/nm², the amount of anatase Ti-OH species correlates very well with 
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the observed conversions. This indicates that the titania support not only influences 

the degree of oligomerization of the vanadia species but also participates in the 

reaction by abstracting hydrogen from propane to the catalyst surface during a quick 

hydrogen transfer to a more stable species. Thus, the reaction is facilitated by surface 

oxygen, as has been observed previously for other vanadia-based catalysts.8 The 

higher amount of Ti-OH in P25 might be caused by the absence of vanadia, and the 

consequently sharp slow-down of the reaction rate if no readily reducible oxygen from 

vanadia is present. Therefore, the otherwise metastable Ti-OH species becomes more 

prominent, due to a lack of transfer targets that would facilitate a further reaction. When 

the loading is increased to 0.1 V/nm², the amount of Ti-OH species decreases, as they 

can be transferred to vanadia. The overall amount for this sample is smaller than for 

the other samples, due to the lack of V-O-V and V=O species at such low loadings, 

which would drive the conversion. At higher loadings, the amount of Ti-OH species 

correlates very well with the conversion, indicating that the initial C-H bond breaking is 

the rate-determining step that can be catalyzed by the titania surface. As the Ti-OH 

species was determined to be transient, it is regenerated very fast by the transfer to 

vanadia. This provides an answer to the fourth question on the role of titania during 

propane ODH, by demonstrating its direct participation in the rate-determining step, 

leading to a further increase in the reaction rate in comparison to for example, SiO2, in 

addition to the control of the degree of vanadia oligomerization via the phase-

composition. This behavior of titania is in agreement with recent studies, which 

proposed titania to be redox inactive during ethanol ODH.18 An alternative explanation 

for the observed behavior may be the dissociation of produced water, which would also 

correlate with the conversion. However, this is not supported by the higher amount of 

anatase Ti-OH on bare P25 and P25+0.1 V/nm² where the conversion is lower. 

Therefore, the observed intensity trend of this peak is in agreement with initial C-H 

abstraction but not with the dissociation of water after product formation, as a strict 

correlation of the Ti-OH intensity with the conversion for all samples would be 

expected. 

To investigate the detected transient adsorbates in more detail, the time 

evolution of the adsorbates was determined by in-phase angle analysis to obtain the 

time constants for each sample. Exemplary results for the P25+1.2 V/nm² sample are 

shown in Figure 8 and the values of the time constants are summarized in Table 4. A 

detailed explanation of the in-phase angle analysis can be found in the experimental 
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section and in the literature.8,35 The time constants for the remaining P25-based 

samples are given in the SI (see Table S5), while time constants were not determined 

for the SBA-15 based samples, as they only showed significant structural changes in 

the transient Ti-OH species at 3740 cm-1 and no other signals (more details in the SI, 

Figure S29). As the measurement time of one IR spectrum was 1.54 s, this value was 

taken as the experimental error of all time constants, as multiple subsequent 

measurements of the same sample lead to a smaller divergence. For the vanadyl peak, 

the overtone region was used to determine the time constants due to its better 

accuracy (compare experimental section and Figure S3). 

 

Figure 8: (a) PSD spectrum of the P25+1.2 V/nm² sample at a phase-angle of 360 °C measured at 320 

°C in a constant oxygen and pulsed propane flow. The features analyzed by in-phase angle analysis 

are marked and the respective time constants are given in the lower plot (b), together with the 

experimental uncertainty. 
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Table 4: Time constants of the P25+1.2 V/nm² sample determined from in-phase angle analysis of PSD 

data with a 1° phase angle resolution. The time constants of the other samples are given in the SI (see 

Table S5). The experimental error of all peaks was determined to be ±1.54 s. 

Wavenumber /cm-1 Assignment Time /s 

2028 

1993 

1612 

3739 

1369 

1470 

3601 

3635 

V=O overtone 

V=O overtone 

νas propylene C=C  

Isolated anatase Ti-OH 

νs formate O-C-O 

νs carbonate O-C-O 

V-OH 

Isolated rutile Ti-OH 

29.1 

30.2 

31.2 

31.2 

32.2 

33.3 

35.4 

36.4 

 

In-phase angle analysis shows that all time constants for P25+1.2 V/nm² are in 

a very similar range, especially when the experimental uncertainty is considered. The 

peaks at 2028, 1993, 1612 and 3739 cm-1 appear quite simultaneously as one group. 

This behavior is similar to that of VOx/CeO2, as the vanadyl peak and the Ti-OH species 

react first, indicating a fast transfer of hydrogen from propane to the titania surface and 

then to the vanadyl group. The Ti-OH species is a transient species mediating the 

hydrogen transfer, as determined from ME-DRIFTS (see Figure 7), while hydrogen 

binds more permanently to vanadia as these species can be observed in static 

operando experiments. The inverted reaction sequence, where the first hydrogen is 

rapidly transferred to rutile Ti-OH via vanadia with subsequent V-OH formation and 

concurrent olefin formation thereby seems unlikely, as this would necessitate the 

presence of a transient V-OH group at the beginning of the reaction sequence. As can 

be seen in Table 4, V-OH appears towards the end of the sequence, which supports 

the proposed reaction sequence where hydrogen is transferred from propane to 

vanadia via titania exclusively. Interestingly, the sequence of steps is inverted 

compared to VOx/CeO2 catalysts used for the same reaction, where the vanadyl peak 

mediated the hydrogen transfer from propane to the ceria surface.7,8 This catalyst-

dependent behavior can be explained by the different reducibilities, as the vanadia 

oxygen atoms are more reducible than titania, thereby delivering the oxygen necessary 

for the reaction, whereas on a ceria catalyst, ceria lattice oxygen is much more 
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reducible than vanadia.72,73 Thus, the component that is more difficult to reduce is used 

as the transfer site, as the hydrogen is bound only loosely so that it can be readily 

transferred to the active oxygen component. This further shows that the oxygen atoms 

used for the hydrogen transfer are different than those used to facilitate the oxidation 

by formation of water. The additional peak at 1612 cm-1 is caused by the C=C vibration 

of the newly formed propylene, which indicates that propylene formation occurs directly 

after the initial hydrogen abstraction, consistent with a mechanism in which the first C-

H abstraction is the rate-determining step and the remaining reaction steps follow 

directly afterwards. 

After the initial hydrogen transfer and propylene formation, peaks at 1369 and 

1470 cm-1 appear, which are attributed to formate and carbonate species, indicating 

that COx is formed on a similar time scale as propylene. This suggests that both 

propylene and COx are formed in parallel instead of COx being formed from propylene 

as a result of over-oxidation as the time difference between the C=C bond and the 

formate/carbonate is within the margin of error. However, a very fast over-oxidation of 

propylene to COx within the experimental error cannot be excluded. Subsequently, 

additional OH groups are detected, which are assigned to bridged OH and terminal OH 

groups on rutile. These may constitute a more stable state not facilitating further 

reaction and may be created by the dissociation of water produced during the 

reaction.85–87 An additional peak is observed at ~1560 cm-1, which can be assigned to 

different formate species, which are probably exclusive to the clean titania surface, as 

they show a significant presence on P25 but are only weakly present on the 0.1 V/nm² 

sample and absent on any of the samples with higher vanadia loading. For P25+0.5 

V/nm², a similar temporal evolution is observed (see Figure S28 and Table S5), while 

P25, P25+0.1 V/nm² and P25+2.5 V/nm² deviate from the described behavior. Propane 

ODH over bare P25 follows a different reaction mechanism, which changes the 

determined time constants and P25+0.1 V/nm² shows a mixture of the reaction 

mechanisms over bare P25 and vanadia-loaded P25, explaining that the C=C double 

bond appears before the V=O signal, as some of the propane is converted earlier on 

the bare P25 surface. This is in line with all the previous observations, where the 

P25+0.1 V/nm² sample seems to represent an intermediate state between bare titania 

and vanadia-loaded titania, showing characteristics of both systems. The time constant 

of the V=O bond on the P25+2.5 V/nm² sample is shifted to much larger time values 

compared to the other vanadia-loaded samples, which agrees with the proposed 



 

39 
 

change in reaction mechanism when oligomers occur at this loading, where linear V-

O-V bonds are the main active site providing the oxygen that drives the oxidation 

reaction. This further supports the change in reaction mechanism between the 1.2 and 

2.5 V/nm² samples. 

 

3.4. Isotopic Exchange Experiments 

To confirm the previous assignments made for the structural dynamics during 

operando UV-Raman and transient IR spectroscopy, isotopic exchange experiments 

were performed (see Figure 9). Using 18O2, these allow the oxygen transfer paths to 

be followed during UV-Raman spectroscopy, while the use of C3D8 can map the 

hydrogen transfer paths during ME-DRIFTS. Additionally, the influence of the isotopic 

exchange on the conversions was measured to obtain additional confirmation about 

the rate-determining step, which may in principle be due to either C-H bond breaking 

or catalyst reoxidation (see Figure 9d). The full PSD spectra for P25 and P25+1.2 

V/nm² are shown in the SI (see Figure S31). For the exchange experiments, the 

samples were measured at 320 °C in different gas atmospheres, first under oxidizing 

conditions (12.5% O2/He), then under reactive conditions (12.5% O2/12.5% C3H8/He), 

and finally under reactive conditions with the isotopically labelled gas (12.5% 
18O2(O2)/12.5% C3D8(C3H8)/He) to determine which changes are caused by the 

isotopically labelled gas. 
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Figure 9: UV-Raman (385 nm excitation) spectra of (a) bare P25 and (b) P25+1.2 V/nm² measured 

under oxidizing (12.5% O2/He), reactive (12.5% O2/12.5% C3H8/He), and 18O2 isotopically labelled 

reactive (12.5% 18O2/12.5% C3H8/He) conditions. The spectra were normalized and the peak originating 

from the used CaF2 window is marked with an asterisk. For comparison, ME-DRIFTS was recorded 

during isotopic exchange (constant oxygen and propane flow switched between h8-propane and d8-

propane) and in (c) the resulting PSD spectra are shown, with the positions of the exchanged Ti-OH 

positions being highlighted. (d) Conversions were determined for operando experiments using 18O2 and 

C3D8 to determine the kinetic isotopic effect. The full isotopically labelled PSD spectra of the samples 

are given in the SI (see Figure S31). 

 

Bare P25 shows an increase in the rutile E2g mode when switching from 

oxidative to reactive conditions, as discussed above (see Figure 4a). When switching 

to isotopically labelled 18O2, a shift at the rutile E2g mode at 820 cm-1 is detected, 
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indicating that the phase-transition between anatase and rutile is facilitated by an 

oxygen exchange with an affiliated reduction due to oxygen vacancy formation, 

confirming our proposal that the reaction occurs on a defective rutile/anatase interface. 

For the vanadia-loaded sample, we see a red-shift of the features at 920 and 1020 cm-

1, related to V-O-V and V=O bonds, respectively. Notably, the peaks at 820 and 860 

cm-1 appear to be unchanged, indicating that neither the V-O-Ti interface nor the titania 

support itself are directly participating in the reaction, which confirms our previously 

proposed mechanism where only the vanadia-related oxygen atoms contribute to the 

overall propane conversion. In addition, the C3H8/C3D8 isotopic exchange experiment 

during ME-DRIFTS reveals that both Ti-OH groups at 3645 and 3740 cm-1 are present 

in the PSD spectra, indicating that they actively participate in the reaction. The full 

isotopic exchange ME-DRIFT spectra (see Figure S31) reveal that also formate 

species are detected during the experiment, indicating that they are an active species 

in the formation of COx, confirming the assignments, as only hydrogen-containing 

adsorbate peaks should be observable during isotopic exchange MES of h/d-propane. 

The determined conversions during the isotopic exchange experiments show 

that the extent of the kinetic isotopic effect (KIE) depends on the isotopically labelled 

gas used. For the C3H8/C3D8 measurements, the KIE is 1.83 for bare P25 and 3.12 for 

P25+1.2 V/nm², which is in agreement with previously determined KIEs of 

hydrogen/deuterium exchange if the hydrogen bond is broken during the rate-

determining step.88 For comparison, the KIE of the 18O2/16O2 isotopic exchange is 1.01 

and 1.07 for bare P25 and P25+1.2 V/nm², respectively. Despite the lower mass 

difference between 18O2 and 16O2 in comparison to D2 and H2, the expected KIE for a 

reaction that uses molecular oxygen for the reoxidation as the rate-determining step 

would be much higher, at approximately 1.15.89 The very low oxygen KIE for bare P25 

might be caused by the fact that P25 is barely reduced during the reaction and the 

main reaction occurs from propane to carbon; little reoxidation is needed. Therefore, 

from the determined KIEs, we can conclude that the C-H bond breaking in propane is 

the rate-determining step, in agreement with our time constant results from MES. The 

TiO2 support facilitates this bond breakage through Ti-OH formation, thus providing an 

explanation for the low activation energies and high reaction rates typically observed 

for VOx/TiO2 catalysts.5 
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3.5. Reaction Mechanism 

In this section, we propose a reaction mechanism for propane ODH over VOx/TiO2 

catalysts based on the results from multiple operando and transient spectroscopies. 

Firstly, the first C-H bond in propane is broken over titania surface lattice oxygen (Ti-

O-Ti) (see Figure 9d) and one hydrogen is abstracted to the titania surface forming a 

singly-bound Ti-OH group on anatase (see Figure 7b). A bond breakage at the V-O-Ti 

interface appears unlikely since no changes of the V-O-Ti feature were observed in 

operando UV-Raman spectroscopy. The nature of the C-H bond breakage cannot be 

further specified. On one hand, no paramagnetic electrons were detected during 

previous operando EPR experiments,34 which may suggest a heterolytic bond 

breakage. On the other hand, as the initial state is expected to be short-lived, it is likely 

to occur below the detection limit of the method. The hydrogen is then quickly 

transferred to the V-O-V bond of a doubly bridged dimeric species as interim storage 

for the hydrogen before the reduction of vanadia (see Figures 1, 4 and 5). Here, the 

transfer step of the proton and the electron required for the V-OH formation and 

reduction from V5+ to V4+ can either proceed sequentially or coupled (PCET). However, 

a further specification is not possible as it would require knowledge of the activation 

energy of the respective steps,90 which is not available from the presented data. 

Possible electron donors may include reduced Ti3+ sites, which are formed during the 

reaction (see Figure 6). The transfer to the doubly bridged V-O-V oxygen instead of 

V=O is probably favored for the first hydrogen transfer from titania to vanadia during 

the selective conversion, which due to its worse reducibility decreases the likelihood 

of over-oxidation to COx.10,11,13 Furthermore, the V-O-V structure is, due to the double 

bridge, not fully broken during this transfer, and therefore, the deflection from the 

equilibrium structure is comparably small. The transfer step may thus be kinetically 

favored compared to the direct transfer. Along these lines previous DFT calculations 

for VOx/CeO2 have shown that the direct and indirect transfer transition states had, 

within the margin of error, similar energies.91 The proposed scenario is supported by 

our experimental findings (see Table 4 and Figure 7), as the spectroscopic data clearly 

presents a transient Ti-OH species that occurs first in the temporal evolution of 

adsorbates and is therefore linked to the initial C-H bond breakage. Hereby, the 

number of bridged V-O-V bonds in vanadia dimers seems to be important for the 

conversion of propane (see Figure 5c) as they are an important structure for the 

intermediate storage of hydrogen and show large structural changes (see Figure 4). 
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Nevertheless, besides dimers, also monomeric vanadia species are highly active 

during the reaction, based on the large increase in activity for the P25+0.1 V/nm² 

sample, and are likely to significantly contribute in parallel to the conversion at higher 

loadings. Since the V-O-V bond clearly participates in the reaction if it is available on 

the surface, we expect a mixture of active sites to be formed. Following the first 

hydrogen abstraction, the second hydrogen abstraction, also mediated by the titania 

surface, is transferred to a V=O bond, which is then used to facilitate propane ODH by 

its reduction together with the hydrogen stored at the V-O-V bond. The mechanism of 

this hydrogen transfer appears to be similar to the first one, as no additional 

intermediates are observed in PSD spectra on the timescale of the C=C bond formation 

(compare Figure 8 and Table 4). From the analysis of the rutile content and the 

previous literature, it seems that the amount of rutile dispersed in the catalytically more 

active anatase phase is crucial in increasing the degree of oligomerization of vanadia 

due to its higher mobility on the rutile surface. The higher degree of oligomerization 

leads to a higher concentration of dimeric species, that is, more V-O-V bonds, and 

therefore increases the reaction rate. The additional hydrogen atoms form a water 

molecule using a vanadyl oxygen atom, leaving the vanadium atom in a reduced state 

(see Figure 6c). At higher loadings (2.5 V/nm²), the first oligomeric species start to 

appear (see Figure 1, 2, and 5), which are likely to have more linear V-O-V bonds, and 

the active oxygen that is reduced in the reaction shifts from the V=O to the linearly 

bound V-O-V bond (see Figure 4c and 5c), indicating that it is likely to be more 

reducible than the V=O bonds that were previously used. The conversion via this V-O-

V bond appears to be less selective than via the V=O bonds, which would be in 

agreement with its higher reducibility, as the P25+2.5 V/nm² sample shows a lower 

selectivity than the P25+1.2 V/nm² sample at the same conversion (see Figure 3), while 

also showing less V=O dynamics and more V-O-V dynamics (see Figure 4). This might 

be caused by the higher reducibility of linear V-O-V bonds formed in the oligomers at 

higher loadings compared to doubly bridged V-O-V or V=O atoms and demonstrates 

the strong dependence of the vanadia active site on its nuclearity. The reduced 

vanadium atom can then be re-oxidized by gas-phase oxygen, as the oxygen mobility 

in titania is too low to participate in the redox cycle.18 The re-oxidation of vanadia is not 

rate-determining (see Figure 9d). A reaction mechanism where hydrogen is both stored 

and reduces the V-O-V or the V=O bond at which it is stored cannot be excluded due 

to the simultaneous dynamics of the two bonds (see Figure 4c) but seems to be less 
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likely due to the different reducibilities. During the entire selective oxidation process, 

propane does not seem to be directly adsorbed on the catalyst surface, as in neither 

static operando DRIFTS nor ME-DRIFTS could any propane-related adsorbates be 

detected, indicating a pure redox mechanism. For the formation of COx, multiple 

carbonate and formate adsorbates could be detected, indicating a change of the 

reaction mechanism to an associative mechanism during total oxidation. As these 

processes occur on a very similar time scale (see Figure 8b and Table 4), whether the 

propane is adsorbed seems to play an important role in determining whether it is 

selectively or totally oxidized, indicating a site-dependence in addition to the nuclearity 

dependence.  

To close the catalytic cycle, the catalyst is regenerated by oxygen, which may 

happen in different ways. One possibility would be that starting from a dimeric V3+ site, 

which results from the oxidation of two propane molecules, adsorption of molecular 

oxygen first leads to the formation of a V-O-O-V bridge and then, after O-O bond 

breakage, to the formation of two V=O sites. Another possibility, which is also 

compatible with monomeric sites, might be coupled to the total oxidation reaction. 

Here, a V3+ site might adsorb an O2 molecule, which results in a very reactive oxygen 

molecule that might react with additional propane towards the detected formate/ 

carbonate species, while regenerating the catalyst. This pathway could explain the 

limited reaction selectivity, besides the presence of bare TiO2 facilitating total oxidation, 

and would also be in favor of the argument that total oxidation occurs in parallel to the 

selective oxidation. Therefore, depending on the vanadia nuclearity, a combination of 

both pathways seems likely. 

In comparison, bare titania also shows the transient formation of Ti-OH groups 

(see Figure 7), but the abstracted hydrogen cannot be transferred to vanadia. As titania 

is much harder to reduce than vanadia, the conversions are lower due to reduced 

oxygen availability. When the selective oxidation takes place, lattice oxygen from the 

anatase/rutile interface is used for the oxidation, resulting in an increased amount of 

rutile (see Figure 4a) and an oxygen vacancy (see Figure 6c). Besides the selective 

oxidation, the main side product formed by the bare titania samples is carbon, which 

deposits on the catalyst surface and is likely to be caused by the high temperatures 

needed to activate titania lattice oxygen. This may result, for example, from propane 

adsorption at a site, where no anatase/rutile interface is present and therefore a higher 

defect formation energy is expected, which may lead to propane reaction to carbon. 
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The broad applicability of the results obtained in this study are demonstrated by 

the SBA-15-based VOx/TiO2/SiO2 layered system, which was investigated in the same 

way as the P25 samples and is discussed in detail in the SI. Even though the titania 

structure (especially the phase composition between anatase, rutile and amorphous 

titania) is very different from P25, the structural dynamics are very similar to those of 

the P25 samples and can explain the reactivity behavior of this sample. 

Based on the previous results and discussion a mechanistic scheme is 

proposed (see Figure 10) that summarizes the main processes during the selective 

oxidation of propane over VOx/TiO2, but additional processes can occur simultaneously 

to form COx at spots that are nuclearity- and site-dependent. The arrow from bridged 

V-O-V to Ti-OH in the first hydrogen transfer step of the mechanistic scheme indicates 

that the hydrogen bound to the titania surface is transferred to V-O-V and new 

hydrogen is transferred from propane to the titania surface via an additional Ti-OH 

instead of a direct transfer from propane to V-O-V. The asterisk (C3H6, C3H7) indicates 

that the exact geometry and interaction between the adsorbate molecule and the 

catalyst surface is not known, which is due to the fact that the adsorbate is short-lived 

(see Table 4). The catalytic cycle is closed by the regeneration by molecular oxygen 

as discussed above. 
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Figure 10: Proposed reaction mechanism for the ODH of propane over vanadia-loaded titania (P25) 

based on operando and transient spectroscopic analysis. Exemplarily, the reaction of one propane 

molecule over a dimer species is shown. Broken and newly formed bonds are marked in blue. For details 

see text. 
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4. Conclusion 

In this work, we present a combination of extensive structural characterization, static 

operando, and transient spectroscopies, including multi-wavelength Raman, UV-Vis, 
51V ssNMR, XPS, XRD, and ME-DRIFT spectroscopy, to understand the structure and 

the reaction mechanism of propane ODH over VOx/TiO2 catalysts. To avoid typical 

problems of UV methods with self-absorption on highly UV absorbing TiO2, we used 

multiple Raman wavelengths tuned to avoid most of the TiO2 absorption, while still 

selectively enhancing the titania intensity through resonance effects. We also 

synthesized VOx/TiO2/SiO2 samples in order to reduce the amount of bulk TiO2 and to 

obtain more insights into its structure by decreasing its absorption even further. The 

ALD-synthesized samples can furthermore demonstrate the applicability of our results 

over a broader range of different types of titania. In combination with other 

spectroscopic methods, especially transient IR spectroscopy, we established an 

experimental basis to obtain a detailed mechanistic understanding of the propane ODH 

reaction. 

By using the described set-up, we were able to answer the four key questions 

often debated in the literature for VOx/TiO2 systems for the propane ODH reaction, 

which were outlined in the introduction. First, the active sites could be identified by a 

combination of 51V ssNMR and UV-Raman spectroscopy and was determined to be 

oxygen atoms of vanadia, where the oxygen atoms of dimeric species are preferred 

over oxygen atoms from monomeric sites. Second, the loading-dependence of the 

active site was determined by a nuclearity-dependent analysis of the vanadia structure 

and its reactivity. This type of analysis has proved to be difficult in the past for VOx/TiO2 

systems, as the Ti:V contrast is much too low for electron microscopy and the vanadyl 

fine structure is not very defined using vibrational spectroscopy (unlike for VOx/CeO2). 

Combining 51V ssNMR and UV-Raman spectroscopy, we were able to show that for 

P25 as a titania support, vanadia nuclearities could be determined and quantified using 

direct spectroscopic evidence. Hereby, the V=O oxygen was identified to be most 

active as the propane ODH facilitating oxygen atom as long as only doubly bridged V-

O-V bonds from dimeric vanadia species were present at low loadings. When the 

loading was increased to a point where oligomeric species with linearly bridged oxygen 
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atoms started to form, they began to become more active due to their better reducibility, 

accompanied by a lower selectivity towards propylene.  

Besides the structural changes in vanadia, the exact influence of titania on the 

catalysts´ activity was of debate. Possible influences could be (1) an active 

participation in the reaction of the titania by providing lattice oxygen to participate in 

the redox cycle, (2) the coordination of vanadia in comparison to other supports, 

lowering the activation barrier, or (3) both ways of titania participation happening 

simultaneously.4–6 For propane ODH we were able to identify two ways in which titania 

influences the reaction. First, the amount of rutile dispersed in the anatase phase in 

the titania support can lead to different degrees of oligomerization of vanadia, and as 

the oligomerization degree is highly important and changes the active oxygen atom, it 

can thereby influence the activity significantly. The second way in which titania 

participates in the reaction was identified directly via spectroscopy for the first time 

using transient IR spectroscopy. Titania facilitates the first C-H bond breaking, which 

is the rate-determining step, via a very quick hydrogen transfer onto the titania surface, 

forming a Ti-OH group, only detectable using transient spectroscopy, followed by a 

hydrogen transfer onto the vanadia V=O or V-O-V bonds, depending on the nuclearity. 

Therefore, for propane ODH, titania enhances the activity by both directly participating 

in the reaction and coordinating the vanadia in a way that facilitates the reaction. 

Oxygen vacancies in the titania lattice could not be detected for vanadia-loaded 

samples, indicating that titania lattice oxygen is not actively participating during 

propane ODH. 

Finally, the COx formation was determined to be a parallel reaction to propylene 

formation by transient IR spectroscopy and the decision whether selective or total 

oxidation occurs depends on whether propane adsorbs onto the catalyst or not, as 

carbonate and formate were the only adsorbates detectable in IR spectroscopy, 

indicating a site-dependence for both reaction pathways. 

Based on our results, we were able to observe both the oxygen and hydrogen 

transfer paths on the catalyst and determine the influence of the titania support on both 

pathways, including the adsorbate dynamics on both the propylene and the COx 

pathways, as well as their influence on the selectivity. Combining all of the mechanistic 

information, we were able to propose a detailed mechanistic picture of the propane 

ODH reaction mechanism over VOx/TiO2 catalysts. 
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Our results demonstrate the potential of the combination of different operando 

spectroscopic methods with transient spectroscopy for elucidating the surface 

dynamics during ODH reactions over supported metal oxide systems. The approach 

can also be easily transferred to different materials and reactions, and, due to the 

widespread use of IR spectroscopy, the transient IR approach can readily be adopted 

to many different systems, performing detailed mechanistic analysis. 
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