pubs.acs.org/JPCC

Article

Oxygen Exchange on Vanadium Pentoxide
Yuanqing Wang, Frank Rosowski, Robert Schlögl, and Annette Trunschke*
Cite This: J. Phys. Chem. C 2022, 126, 3443−3456

Downloaded via FRITZ HABER INST DER MPI on March 1, 2022 at 16:04:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

ACCESS

Metrics & More

Read Online
sı Supporting Information
*

Article Recommendations

ABSTRACT: The isotopic exchange of 18O2 on polycrystalline
V216O5 was studied by Raman spectroscopy at diﬀerent temperatures between 300 and 580 °C and in the presence of diﬀerent
mixtures of oxygen with ethane, propane, or n-butane in the gas
phase. Supported by DFT calculations, a method was developed to
determine which of the three diﬀerently coordinated oxygen atoms
in the crystal structure of V2O5 (vanadyl oxygen O1, 2-foldcoordinated oxygen O2, and three-coordinated oxygen O3) are
involved in the exchange with 18O2 from the gas phase. Thus, it
was found that the band at 994 cm−1, which is commonly
exclusively assigned to a V16O1 stretching (Ag) vibration, also
contains contributions of an 16O1−V−16O2 stretching vibration
(B2g). If only the O1 position is exchanged, the B2g component shifts to 964.2 cm−1, while if both O1 and O2 are exchanged, a shift
to 953.4 cm−1 is expected. In contrast, the Ag component shifts only to 955 cm−1, regardless of whether only the O1 position or all
three oxygen atoms are exchanged. On this basis, it was found that oxygen exchange at 573 °C in absence of an alkane involves O1
and O3 atoms, whereas in the presence of propane all three oxygen atoms are exchanged. In the latter case, the overall exchange rate
appears to be limited by bulk diﬀusion. At typical reaction temperatures for the oxidative dehydrogenation of propane between 320
and 430 °C, no exchange occurs in pure oxygen. In presence of ethane or propane, only O1 is partly exchanged possibly at the
surface and/or in a near-surface region. Under the typical reaction conditions of oxidative dehydrogenation of propane at 400 °C,
there is hardly any variation in the spectra, and the small changes observed after long times on stream only aﬀect O1, which,
considering the sensitivity of the measurement method, leaves open whether the Mars−van Krevelen mechanism is indeed the
predominant reaction mechanism under the conditions of oxidative dehydrogenation of alkanes on V2O5.
[*]

1. INTRODUCTION
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O2 (g) ↔ O2 (s) ←→ O2−(s) ←→ O2 2 −(s) ↔ 2O−(s)

Activation of molecular oxygen on the surface of metal oxides
is of fundamental importance in heterogeneous catalysis,1−3
solid oxide fuel cells,4 and gas sensor technology.5 Direct
oxidation of inert alkane molecules with gas-phase oxygen over
metal oxide catalysts not only is of economic interest but poses
a challenge in scientiﬁc understanding due to the complexity of
the catalysts as well as the reaction networks.6 The selective
oxidation of alkanes requires both the activation of C−H
bonds in the alkane molecule and the activation of molecular
oxygen. Reactive oxygen species formed in the process of
charge transfer between the hydrocarbon and the oxygen
molecule include electrophilic or nucleophilic intermediates,
respectively. The process of O2 dissociation and ﬁnal
incorporation of oxygen into the oxide lattice involves the
polarized adsorbed O2 molecule, diﬀerently adsorbed charged
molecular species (superoxide O2− and peroxide O22−), and
charged atomic species (O−) with electrophilic character. The
reaction ultimately leads to the incorporation of nucleophilic
O2− ions into the lattice (eq 1),7
© 2022 The Authors. Published by
American Chemical Society

+2e− + 2Vo

←⎯⎯⎯⎯⎯⎯⎯→ 2O2 −(l)

(1)

where the symbols * stand for a free adsorption site, g for gas
phase, s for surface, and l for lattice. It was discussed that
surface and volume defects are important for both adsorption
and dissociation of oxygen.8−13
Control over the occurrence and distribution of the diﬀerent
oxygen species under the reaction conditions is key to
achieving high selectivity for certain reaction products and
avoiding complete combustion to unwanted CO2 during
alkane oxidation. Diﬀerent types of oxygen species are required
depending on whether an oleﬁn is to be formed by oxidative
hydrogen abstraction or whether oxygenates are the desired
products. The synthesis of oxygenates containing C−C double
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Figure 1. Unit cell of V2O5: O1, terminal oxygen; O2, bridging oxygen; O3, chain oxygen.

on density functional theory (DFT) calculations, the
involvement of a surface ozonide complex O3− in the R1
mechanism, and a 4-atom complex with the O2− and O22−
surface species in the R2 mechanism over VOx/TiO2,
respectively, were proposed.32,33 Some authors indicated that
the presence of a reducing gas or the degree of reduction of the
oxide has an impact on the oxygen exchange.29,34
Kinetic measurements of oxygen exchange, however, do not
disclose which lattice oxygen is involved in the exchange.
Three diﬀerent types of oxygen atoms can be distinguished in
bulk V2O5: (1) vanadyl oxygen O1; (2) 2-fold-coordinated
oxygen O2; (3) three-coordinated oxygen O3 (Figure 1). The
combination of oxygen exchange with vibrational spectroscopy
provides the opportunity to distinguish the type of oxygen that
participates in the exchange mechanism. In addition, another
disadvantage of the purely kinetic studies of oxygen exchange is
eliminated, since the vibrational spectroscopic experiments can
usually be carried out in situ and not in vacuum and in the
absence of alkanes.
In early studies, Hirota and Kera et al. investigated the
oxygen exchange between gaseous C18O2 or 18O2 over V2O5 by
infrared spectroscopy.35−37 A new band appearing at 962 cm−1
was ascribed to the V18O1 stretching in contrast to V16O1
at 1019 cm−1, however, the low resolution of the infrared
spectra complicated the identiﬁcation of other vibrational
modes, which might be simultaneously present.
Raman spectroscopy is a versatile tool in analyzing the
interaction of O2 with metal oxides, because the stretching
frequency of molecular oxygen species, which can be measured
directly, decreases with decreasing bond order caused by
increasing charge transfer from 1556 cm−1 for the free oxygen
molecule38 to 1200−1000 cm−1 for superoxide and 1000−800
cm −1 for peroxide species adsorbed on metal oxide
surfaces.39−41 Furthermore, Raman spectroscopy in combination with theory and isotope exchange experiments has been
used to analyze the molecular structure of supported vanadium
oxide species.42−47
Oyama et al. investigated the oxygen exchange over silicasupported vanadium oxide catalysts with diﬀerent vanadia
loadings that contained mixtures of surface vanadia species

bonds requires the simultaneous presence of nucleophilic and
electrophilic oxygen species, which can coexist at diﬀerent
locations on the catalyst surface. Ultimately, it is a matter of
avoiding total oxidation to carbon dioxide, which is also the
product of oxygen incorporation and C−C bond cleavage.
Experimental discrimination of oxygen species actually
involved in hydrocarbon oxidation is complicated due to the
elevated reaction temperatures that lead to rapid interconversion of the intermediates, which appear in eq 1.1 Furthermore,
the low concentration of active sites,14,15 the limited sensitivity
of suitable spectroscopic techniques such as vibrational16 and
EPR spectroscopies, or the superposition of a multitude of
oxygen species in photoelectron spectra of working catalysts17−19 pose additional challenges.20,21
Isotope exchange experiments were used to investigate
oxygen exchange between the gas phase and oxides under
various conditions.22,23 Three diﬀerent types of oxygen
exchange reactions are distinguished in the postulated
mechanisms. The R0 mechanism does not involve lattice
oxygen (M−OL), but gas-phase 16O2 exchanges one oxygen
atom with gas-phase 18O2 under formation of mixed 16O18O,
while the atomic fraction of the two oxygen isotopes in the gas
phase remains constant. In the R1 and R2 exchange
mechanisms, one or two 16O lattice oxygen atoms, respectively,
participate under formation of 16O18O and 16O2, respectively,
in the presence of 18O2 in the gas phase. Winter,24,25 Nováková
et al.,22,26 and Boreskov27 derived expressions to distinguish
the exchange type based on the exchange rate. V2O5 was found
to follow a combination of R1 (in the lower temperature range
of 480−540 °C) and R2 (in the higher temperature range of
520−600 °C) mechanism.25 In other works, only the R2
mechanism was found above 450 °C.28,29 Over supported
vanadium oxides catalysts the R2 activity decreases in the order
V2O5/TiO2 > V2O5/Al2O3 ∼ V2O5/SiO2, which corresponds
to the order in which the activity in butane oxidation
decreases.28,30 However, the R2 activity cannot be solely
attributed to surface vanadia species, because 17O NMR
provided evidence for participation of the oxygen from the
support in the exchange mechanism,31 suggesting that oxygen
exchange rate and reactivity are not necessarily linked. Based
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characterized by a vanadyl stretching vibration at 1042 cm−1
and segregated crystalline V2O5 particles exhibiting the typical
V16O1 mode of bulk V2O5 at 997 cm−1 by Raman
spectroscopy.48 The silica-supported vanadyl groups were
exchanged at 347 °C, whereas the vanadyl groups in the V2O5
crystallites were not aﬀected. The analysis was not trivial
because the 18O substitution of the silica-supported vanadyl
species shifted the original V16O band at 1042 cm−1 to 997
cm−1, the same position as that for the bulk V16O1
vibrations in the segregated crystalline V2O5 particles.
The shift was conﬁrmed in studies of highly dispersed
vanadium oxide species supported on zirconia and silica,
respectively, investigating catalysts that do not exhibit
spectroscopic features of bulk V2O5 particles.42,43 It is,
however, problematic to assign the bands of silica-supported
vanadium oxide in the range of 1000−1030 cm−1 exclusively to
vanadium oxide stretching vibrations because of strong
coupling of the V−O modes with the modes of Si−O−V
interphase bonds,45 which also complicates the assignment of
the bands due to exchange with 18O2.44
Ono et al. investigated oxygen exchange in the presence of nbutane and propane at 430−520 °C on ill-deﬁned V2O5/SiO2
catalysts that exhibited a Raman spectrum, which was entirely
dominated by segregated V2O5 crystallites.49,50 The bands of
V2O5 at 998 and 703 cm−1 were shifted to 964 and 685 cm−1,
respectively, upon dosing of 18O2. Oxygen atoms at the V−O3
site (703 cm−1) were found to exchange easier than that at the
VO1 site (998 cm−1) in the presence of n-butane, while in
the presence of propane, exchange at the VO1 site was
easier. The diﬀerence was ascribed to diﬀerences in crystal
orientation, lacking any convincing evidence due to the illdeﬁned, polycrystalline structure of the catalysts.
Taking all this together, it can be said that Raman
spectroscopic studies of oxygen exchange on vanadium
pentoxide have so far only been carried out on heterogeneous
systems. A clear assignment of the Raman bands was therefore
not possible. Thus, the changes in the spectra caused by the
oxygen exchange under diﬀerent conditions were diﬃcult to
interpret. This motivated us to investigate crystalline V2O5
again in depth with Raman spectroscopy. DFT calculations
were used to support the assignment of the Raman modes. The
spectral changes resulting from the partial exchange of 16O
atoms on the surface and in the bulk of V2O5 with 18O2 from
the gas phase at diﬀerent temperatures and in the presence of
diﬀerent gas atmospheres could thus be clearly elucidated.
These studies are model investigations for processes on
vanadium-containing mixed metal oxides, which are known
for their high performance in alkane and electrocatalytic water
oxidation.51−53 The work contributes to a better understanding
of oxygen activation and exchange on vanadium pentoxide,
which is important for targeted design with respect to surface
or bulk properties of oxidation catalysts. In addition, the study
provides reference experiments for operando investigations of
vanadium oxide-based catalysts.
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m2/g. V2O5 was thermally stable under Ar up to 669 °C
followed by melting as indicated by an endothermic peak
(Figure S2). Melting was accompanied by mass loss due to the
evolution of oxygen and sublimation. STEM images (Figure
S3) revealed a rod-like shape of the V2O5 particles with a size
ranging from several hundred nanometers to 3 μm.
2.2. Basic Characterization of V2O5. The XRD measurements were performed in Bragg−Brentano geometry on a
Bruker AXS D8 Advance II θ/θ diﬀractometer, using Niﬁltered Cu Kα1+2 radiation and a position sensitive energy
dispersive LynxEye silicon strip detector. X-ray ﬂuorescence
spectroscopy (XRF) was used for elemental analysis of V2O5,
applying a Bruker S4 Pioneer X-ray spectrometer. For sample
preparation, the mixture of V2O5 (0.1 g) and lithium
tetraborate (8.9 g, >99.995%, Aldrich) was fused into a disk
using an automated fusion machine (Vulcan 2MA, Fluxana).
Nitrogen adsorption was performed at −196 °C using the
Autosorb-6B analyzer (Quantachrome) after outgassing the
material in vacuum for 2 h at 200 °C with an external
preparation unit (Autosorb Degasser). All data treatments
were performed using the Quantachrome Autosorb software
package ASWin. The speciﬁc surface area SBET was calculated
according to the multipoint BET method in the p/po = 0.05−
0.15 pressure range assuming an N2 cross sectional area of 16.2
Å2. Thermogravimetry (TG) and diﬀerential thermal analysis
(DTA) were carried out on a Netzsch STA449 Jupiter
thermanalyzer in 70 N mL/min Ar total ﬂow applying a
heating rate of 10 °C/min. Around 80 mg of the sample was
placed into the corundum crucible (0.2 mL) without lid. The
gas phase analysis during heating was monitored with a
quadrupole mass spectrometer (Pfeiﬀer, QMS200 Thermostar). Evolution of O2 was recorded by monitoring the change
of intensity of the ion currents (m/z = 32). The high angle
annular dark ﬁeld scanning transmission electron microscopy
(HAADF-STEM) images were taken on an aberrationcorrected JEOL JEM-ARM200F transmission electron microscope operated at 200 kV. The UV/vis spectrum of V2O5 was
measured using a Cary 5000 UV−vis spectrometer (Agilent)
equipped with a Praying Mantis diﬀuse reﬂection accessory
(Harrick). The data were obtained in percent reﬂectance and
then converted to the Kubelka−Munk function F(R).
Spectralon was used as a white standard in the range between
800 and 250 nm.
2.3. Raman Spectroscopy. In a typical Raman measurement, polycrystalline V2O5 was either compressed on a glass
slide for ex situ measurements or placed in the sample holder of
a Linkam CCR1000 reaction cell (Linkam Scientiﬁc Instruments LTD), or a high temperature reaction chamber from
Harrick Scientiﬁc Products Inc., respectively, for in situ
measurements. Except for the experiments presented in Figure
7 using the Harrick Raman chamber, all the in situ
measurements were conducted in the Linkam cell. The spectra
were measured using a customized multiwavelength Raman
spectroscopy system (Figure S4) assembled by S&I Spectroscopy & Imaging GmbH (Warstein, Germany). Nine diﬀerent
lasers (785, 633, 532, 488, 457, 442, 355, 325, and 266 nm)
were used as excitation sources. Laser powers were tuned by
neutral density ﬁlters (785 nm, 0.3 mW; 633 nm, 0.2 mW; 532
and 488 nm, 0.5 mW; 266 nm, 0.3 mW; all other lasers, 0.4
mW) to prohibit sample damage. Exposure times (a few
seconds to 600 s) were optimized accordingly with regard to a
high signal-to-noise ratio. We were aware that V2O5 is sensitive
to UV lasers (325 and 266 nm), and long exposure times with

2. METHODS
2.1. Properties of V2O5. According to X-ray diﬀraction
(XRD) (Figure S1 in the Supporting Information and Table
S1) and X-ray ﬂuorescence spectroscopy (XRF) analysis, the
studied V 2 O 5 (internal ID: 22055) was phase pure
(orthorhombic phase, space group Pmmn (No. 59), point
group D2h, ICSD 60767; for lattice parameters, see Table S1),
contained no impurities, and it had a speciﬁc surface area of 4.2
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Figure 2. UV/vis spectrum (a) and Raman spectra (b) of V2O5 collected at room temperature (ex situ). The laser wavelength used for the Raman
measurements is shown next to the Raman spectra. The Raman spectra were corrected with respect to instrumental eﬀects, taking into account the
known response curve of a white lamp and the absorption spectrum of V2O5 (see Figure S8 for details of the correction procedure and Figure S10
for uncorrected spectra); All spectra were normalized to the corresponding maximum band intensity ([0,1]), which diﬀers for the diﬀerent
excitation energies; The band positions indicated were determined for the spectrum measured with the excitation wavelength 532 nm; The
intensity ratio of the band at 994 cm−1 to the band at 144 cm−1 as a function of excitation wavelength is plotted in part a.

as impurities in the 18O2 gas cylinder were determined by mass
spectrometry and were 1.2% and 2.3%, respectively (Figure
S9). Other gases used were propane (Westfalen AG, 99.95%),
deuterium labeled propane (Sigma-Aldrich, 99 atom % D),
ethane (Westfalen AG, 99.95%), and n-butane (Westfalen AG,
99.95%). Raman spectra were measured continuously throughout the exchange process with each spectrum taking 6 or 8 min
(532 nm). There is a second thermocouple inserted into the
catalyst bed in the Linkam CCR1000 reaction cell to measure
the actual temperature. For the Harrick Raman chamber, the
heating element and the thermocouple are separated from the
reaction part, and thus a calibrated temperature was given.
2.5. Operando Raman Spectroscopy. A 20 mg V2O5
sample was placed in the Linkam CCR1000 reaction cell to
perform the operando Raman experiments. V2O5 was ﬁrst
heated from room temperature to 420 °C at a heating rate of 5
°C/min under 20% 16O2 balanced by helium with a total ﬂow
rate of 10 mL/min. After reaching 420 °C, the sample was
further heated under various reaction feeds (C3H8/16O2/He).
The eﬄuent gas was connected to a micro-GC (Agilent 490)
to perform online gas product analysis. A combination of
MS5A (10 m length) and PPQ columns (10 m length),
connected to a thermal conductivity detector (TCD), was used
to analyze the oxidation products in the gas phase. The
conversion of propane X and the product selectivity S were
calculated based on the sum of the detected products. Raman
measurements were performed simultaneously by using the
532 nm laser during propane oxidation over V2O5.
2.6. DFT Calculations. Phonon calculations were
performed using Quantum Espresso 5.4.055 to obtain vibrational frequencies. The crystal structure of V2O5 (Figure 1,
9012221.cif56) was obtained from the Crystallography Open
Database (COD, Web site: http://www.crystallography.net/

relative high laser power could lead to progressive appearance
of Raman features around 758, 896, 910, and 1009 cm−1
(Figure S5). The laser-induced damage is relevant to structural
change due to the removal of vanadyl oxygen as evidenced by
the disappearance of the Raman band at 994 cm−1. The
entrance slit was set to 100 μm for all measurements. The
scattered light was dispersed on 300, 600, or 2400 grooves/
mm gratings depending on laser wavelength and resolution
requirements, and ﬁnally collected by one of the two liquidnitrogen-cooled CCD detectors (PyLoN:2K and PyLoN:100
from Princeton Instruments). The primary beam was
eliminated by using corresponding edge ﬁlters. To compare
Raman spectra measured by using diﬀerent excitation lasers,
the true Raman scattering intensities were extracted by
correcting instrument eﬀects and optical absorption properties
of V2O5. A standard lamp (deuterium and halogen light source,
Ocean Optics DH-2000) with a known emission spectrum was
used to correct instrument eﬀects (objectives, ﬁlters, gratings,
detectors, etc.). In addition, the absorption of light by V2O5
was taken into account by the G(R) function that can be
calculated from the measured diﬀuse reﬂectance spectrum of
V2O5.54 A detailed description of the Raman spectroscopy
setup and the intensity correction is given in the Supporting
Information (Figures S4 and S6−S8).
2.4. Oxygen Isotope Exchange. A 20−50 mg V2O5
sample was placed in the Linkam CCR1000 reaction cell
unless otherwise mentioned and pretreated by heating the
sample at a heating rate of 5 °C/min to the desired
temperature under a ﬂow of 20% 16O2 (99.999%) balanced
by helium (or nitrogen) with a total ﬂow rate of 10 mL/min.
Then 16O2 was switched to 18O2 (97 at% enrichment from the
supplier, Linde) to conduct oxygen exchange for 2 h. The
fractions of 16O16O and 16O18O, respectively, that were present
3446
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Table 1. Experimentally Determined (Excitation Wavelength 532 nm) Peaks, Calculated Raman Active Phonon Modes (Unit:
cm−1), and Vibrational Assignment
mode

exptla

calcdb V216O5 16O1−16O2−16O3

calcdc

calcdb V216/18O5 18O1-16O2-16O3

calcdb V218O5 18O1-18O2-18O3

assignment

Ag

102
197
303
404
481
527
994
144
283
700
144
197
303
356
481
n.d.d
994
144
n.d.
283
700

96.6
192.3
303.8
400.8
467.3
526.1
998.1
142.5
280.6
691.9
133.7
191.8
307.1
350.7
482.4
944.7
997.6
144.4
214.2
281.9
691.5

107.7
192.8
294.1
381.7
527.8
542.5
1028.9
167.3
276.7
772.3
146.0
199.8
298.8
361.3
528.7
1010.3
1030.1
168.7
218.6
279.0
772.4

94.7
184.7
297.4
396.9
466.3
525.4
955.0
138.6
270.7
691.0
131.4
184.9
299.5
346.2
480.7
935.6
964.2
140.5
214.9
272.4
690.5

93.0
181.2
286.5
383.6
447.2
512.0
955.0
138.4
270.5
653.0
129.4
183.1
291.3
340.1
454.4
900.7
953.4
140.2
203.0
271.6
652.6

Tz translation
skeleton bending
Rx libration
skeleton bending
O2−V−O3 bending
O2−V−O3 bending
VO1 stretching
Rz libration
O1−V−O3 bending
V−O3 stretching
Ry libration
Tx translation, Ry libration
Ry libration
skeleton bending
displacement of O3
V−O2 stretching
O1−V−O2 stretching
Ty translation
Rx libration
O1−V−O2 bending
V−O3 stretching

B1g

B2g

B3g

a
Experimental Raman spectra are shown in Figure 2b, the peak positions were determined using the 532 nm laser. bCalculated Raman active
phonon modes, this work cCalculated Raman active phonon modes from reference.66 dn.d.: not detected.

preresonance Raman spectrum (532 nm), and resonance
Raman spectra (488 to 266 nm). As shown in Figure 2b, 10
distinct bands were resolved experimentally. Note that the
band at 102 cm−1 is not observed with the UV lasers (266, 325,
and 355 nm) due to cutting oﬀ by the edge ﬁlter. The
excitation wavelength has no signiﬁcant eﬀect on the band
position. The peak maximum at 1001.4 ± 0.54 cm−1 of the
standard polystyrene was deviating by less than 3 cm−1 with all
lasers (Figure S7). Raman shifts indicated in Figure 2b were
determined based on the spectrum of V2O5 measured with the
532 nm laser. In addition, six weak bands were observed at
1025, 962, 800, 660, 356, and 232 cm−1 with the 785 nm laser
(Figure S10, parts b and c).
With the increase of photon energy (decrease of excitation
wavelength), the intensity ratio of the band at 994 cm−1 to the
band at 144 cm−1 increases and exhibits a maximum at 355 nm
(Figure 2a) suggesting resonance enhancement of the band at
994 cm−1 by using excitation energies in the UV range.60
However, the probing depths changes with the excitation
wavelength as well. Therefore, the change in the intensity ratio
may also reﬂect structural gradients within the depth proﬁle.
UV lasers are more surface sensitive.61 Consequently, the
relative low intensities of bands at lower wavenumbers in the
spectra recorded with the UV lasers, which are due to longrange order, can be interpreted in terms of restructuring and
formation of a near surface region, which exhibits less longrange order.
Various experimental and theoretical studies contributed to
an assignment of the peaks observed in the Raman spectrum of
V2O5.62−66 However, some inconsistencies occur in the
literature. Therefore, phonon calculations were performed to
reﬁne the assignment. The calculated lattice parameters of the
optimized structure agree very well with the lattice parameters
of the investigated V2O5 material determined by XRD (Table
S1), indicating that the model represents reality quite well. The

cod/index.php), which was used as the initial input structure.
The structure was optimized by variable cell relaxation
calculations (Tables S1 and S2). The calculations were carried
out by using the Perdew−Burke−Ernzerhof (PBE) functional
and ultrasoft pseudopotentials. A van der Waals-inclusive
correction (DFT-D)57,58 was applied to take dispersion forces
between layers into account. The plane wave kinetic energy cut
oﬀ values of 60 and 480 Ry were adopted for V2O5 for the
wave functions and the charge densities, respectively. A
Methfessel−Paxton smearing of 0.01 Ry was used to improve
calculation performance. Here, 6 × 6 × 6 Monkhorst−Pack
grids of k-point sampling was chosen for V2O5.59

3. RESULTS AND DISCUSSION
3.1. Experimental and Calculated Raman Spectra of
V2O5. Generally, the Raman spectrum of V2O5 can be divided
into (i) the high energy range from 1000 to 500 cm−1 where
V−O stretching vibrations arise, (ii) the medium energy range
from 500 to 300 cm−1 where V−O−V bending vibrations arise,
and (iii) the low energy range ν ∼ <300 cm1 where collective
vibrations of (V2O5)n units arise. Based on the symmetry of the
crystal structure (space group Pmmn (No. 59), point group
D2h), analysis using the Bilbao crystallographic server (Web
site: http://www.cryst.ehu.es/) results in 39 optical modes
Γoptic = 7A g + 3A u + 3B1g + 6B1u + 7B2g + 3B2u + 4B3g
+ 6B3u

in which 21 modes are Raman active
ΓRaman = 7A g + 3B1g + 7B2g + 4B3g

According to the light absorption properties of V2O5 in the
UV/vis range (Figure 2a), the experimental Raman spectra of
V2O5 recorded using nine diﬀerent lasers can be grouped into
oﬀ-resonance Raman spectra (785 and 633 nm), one
3447
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3.2. Oxygen Isotope Exchange. Isotope exchange of
oxygen on the surface and in the bulk of polycrystalline V216O5
with 18O2 in the gas phase was studied by Raman spectroscopy
at diﬀerent temperatures and chemical potentials. The
temperatures of ca. 320, 430, and 570 °C applied in the
present study were chosen below, at and above typical reaction
temperatures in selective oxidation of alkanes over vanadium
oxide based catalysts, respectively. All temperatures are
distinctly above the Tammann temperature TTam(V2O5) of
204 °C (477 K). At the Tammann temperature, TTam ≈
0.5Tmelt [K], atoms or ions become suﬃciently mobile and
migration from the bulk to the surface and surface liquefaction
are possible. The exchange was probed in synthetic air and in
the presence of alkanes and the type of oxygen atom exchanged
was concluded based on the results of the DFT calculations.
3.2.1. Prediction of Raman Shifts in Partially and Fully
Exchanged V2O5 by DFT Calculations. The changes in the
Raman spectrum of V2O5 were predicted by DFT calculations
for two cases:
(i) only 16O1 is exchanged by 18O
(ii) all three types of oxygen atoms are exchanged by 18O
The calculated peak positions for the two cases are listed in
Table 1.
(i) The exchange of the O1 atom will have an impact on the
position of the experimentally determined band at 994
cm−1, which contains contributions of two diﬀerent
phonon modes as explained above. The Ag mode is
related to O1 (VO1 stretching) and the B2g mode is
related to O1 (major contribution) and O2 atoms
(minor contribution) in an O1−V−O2 stretching
vibration (Table 1). The calculated values of Ag at
998.1 cm−1 and B2g at 997.6 cm−1 in V216O5 diﬀer
slightly and are experimentally not resolved, giving rise
to only one experimentally observed band at 994 cm−1
in V216O5. However, when 16O atoms are exchanged by
18
O only at the VO1 site, the calculated Ag and B2g
modes shift diﬀerently by 43.1 cm−1 to 955.0 cm−1 and
by 33.4 cm−1 to 964.2 cm−1, respectively (Table 1).
Hence, the appearance of two new peaks at lower energy
is expected. It should be possible to resolve these peaks
experimentally due to the diﬀerence of about 10 cm−1.
In addition, the O1 atom contributes to the B1g mode
with an O1−V−O3 bending vibration (calculated shift
at 280.6 cm−1) and to the B3g mode with an O1−V−O2
bending vibration (calculated shift at 281.9 cm−1). The
two modes are giving rise to the experimentally observed
band of V216O5 at 283 cm−1 (Table 1). The calculated
Raman shifts are moved by 9.9 and 9.5 cm−1,
respectively, to 270.7 and 272.4 cm−1, respectively,
when just the O1 atom is exchanged. Hence, it is
expected that this band will not split into two
components in the experimental spectrum and will
shift only slightly to lower energy. In particular, when
the oxygen exchange is not complete, the shift will be
negligible.
(ii) When all types of oxygen atoms are exchanged to 18O,
all bands are shifted to lower energies and are diﬀerent
from case i. Ag and B2g modes (994 cm−1) shift in a
similar manner by ca. 44 cm−1 to 955.0 and 953.4 cm−1,
respectively.
3.2.2. Experimentally Observed Changes in the Raman
Spectra. 3.2.2.1. Temperature Eﬀect in the Presence of

atomic coordinates of the optimized calculated V2O5 structure
are given in Table S2. Experimentally determined peaks
measured by using the 532 nm laser are compared with
calculation results of the present and a previous study66 in
Table 1 and Figure S11. In Figure S11, the atomic
displacement patterns of all calculated Raman active phonon
modes are shown. The peak positions calculated in the present
work agree well with the experiment. The largest deviation is
14 cm−1. However, not all calculated modes are resolved
experimentally (resolution ∼0.5 to ∼7 cm−1, please see Figure
S6). Each of the six bands found at 197, 283, 303, 481, 700,
and 994 cm−1 is caused by two diﬀerent calculated modes
(Table 1). The most pronounced band at 144 cm−1 is
composed of three diﬀerent modes calculated at 133.7, 142.5,
and 144.4 cm−1. Two modes calculated at 214.2 and 944.7
cm−1 were not observed experimentally, most likely due to low
Raman intensity.
Table 1 provides the assignment of all experimental modes
according to the present DFT calculations. The band at 994
cm−1 is frequently exclusively attributed to the VO1
stretching mode.65 Our results show that the 994 cm−1 band
has noticeable contribution from O1−V−O2 stretching, hence,
it involves O1 and O2 atoms.
The band observed at 527 cm−1 was assigned to V−O2−V
symmetric stretching by Abello et al.63 In contrast, the same
band was attributed to V−O3 bond stretching and V−O3−V
angle deformation by Clauws et al.64 and Brázdová et al.65
Based on the present calculations (Table 1), the mode involves
both O2 and O3, and it is related to O2−V−O3 bending,
which is in agreement with Zhou et al.66
Major inconsistencies exist concerning the involvement of
the three diﬀerent oxygen atoms in the V2O5 structure to the
bands observed at 404 and 481 cm−1, which were ascribed to
O2 and O3 atoms displacements, respectively, by Abello et
al.63 Clauws et al., however, ascribed the bands to O1 and O2
atoms displacements, respectively.64 In turn, Brázdová et al.
proposed the two bands to O3 and O2 atom displacement,
respectively.65 Here we assign the band at 404 cm−1 to
skeleton bending involving all three oxygen atoms and the
vanadium atom (Table 1). The band at 481 cm−1 originates
from O2−V−O3 bending and the displacement of the O3
atom (Table 1).
The four weak and broad bands located at around 1025,
962, 800, and 660 cm−1, which were clearly observed by using
the infrared laser (785 nm) (Figure S10b), have been
tentatively assigned to overtones or combination bands in
previous studies.63,64 In contrast, Brázdová et al.65 assigned the
band at 962 cm−1 to a fundamental band (V−O2−V
stretching, B2g mode). A band ascribed to V−O2 stretching
was predicted at 944.7 cm−1 in our study (Table 1), which,
however, deviates considerably from the experimentally
observed band at 962 cm−1. The band at around 1025 cm−1
may arise from surface VOx species self-supported on V2O5,
because VOx species supported on oxides similarly exhibit a
broad feature in the range between 1012 and 1027 cm−1.67
The assignment of the band observed at 232 cm−1 with the 785
nm laser excitation (Figure S10c) remains unclear so far. The
closest calculated value of 214.2 cm−1 is due to a collective
vibration of the V2O5 lattice.
The assignment of the bands is an important prerequisite for
the interpretation of the shift of bands observed during isotope
exchange.
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Figure 3. Raman spectra of V2O5 measured at room temperature before and after isotopic oxygen exchange; Gray and red spectra denote the cases
before and after exchange at 322, 431, and 573 °C, respectively, using 18O2 (20% in He) or a mixture of propane and oxygen (C3H8 (1%) + 18O2
(19%) in He) for 2 h. All the spectra were normalized to [0,1]. The positions of all spectra were aligned with respect to the band at 994 cm−1.
Laser: 532 nm. Heating rate: 5 °C/min. Total ﬂow rate: 10 mL/min.

Oxygen Only. No change in the Raman spectrum was
detectable when a ﬂow of 20% 16O2 in helium was exchanged
by a ﬂow of 20% 18O2 in helium at 431 °C (Figure 3).
At 573 °C, however, the peak at 994 cm−1 lost intensity.
Taking into account the results of the DFT calculations of
partially (O1) and fully (O1, O2, O3) exchanged V2O5, the
Raman spectra recorded at room temperature after the isotope
exchange experiments at diﬀerent temperatures were deconvoluted to get insight into the contributing components in a
qualitative manner (Figure 4). The deconvolution procedure is
explained in detail the Supporting Information. The ﬁtting
parameters are provided in Table S3.
Figure 4a, middle, shows the V−O3 stretching vibrations,
whereas Figure 4b, middle, shows VO1 and O1−V−O2
stretching vibrations after exchange in 20% 18O2 in helium at
573 °C. Two components at higher energy (features >1000
cm−1 assigned above to surface VOx species) become visible
now at 1007 and 1029 cm−1, which might be attributed to
V18O(s) and V16O(s), respectively (Figure 4b, middle).
The two components appear also after exchange in the
presence of propane (see Section 3.2.2.2 and Figure 4b, top).
Interestingly, the peak width of V16O(s) species in terms of
fwhm (full width at half-maximum) is much larger than that of
V18O(s) (∼50 vs ∼15 cm−1, Table S3). The large peak width
in the spectrum before oxygen exchange reﬂects the
heterogeneity of the VOx species at the surface. This may
mean that the reactivity of the energetically diﬀerent surface
species is also diﬀerent. The relatively small peak width of
V18O(s) suggests that only a portion of the V16O(s) species

is reactive and has been exchanged. Assuming an isotope ratio
of 1.0452, one would expect a band at ∼1050 cm−1 for this
reactive V16O(s) species. The exposure of the V2O5 to C3H8
+ 16O2 feed alone does not cause any spectral modiﬁcation
(Figure S12), suggesting that the observed change in the
presence of oxygen at high temperature is indeed due to a
partial oxygen exchange and not, for example, due to the
formation of defects.
In addition, a new band appeared at around 962 cm−1
18
( O1−V−16O2) with a shoulder around 954 cm−1 (V18O1)
(Figure 4b, middle). The deconvolution of the original spectra
is shown in the Supporting Information, Figure S13. The band
at 702 cm−1 moved to 690 cm−1, suggesting a partial exchange
of the O3 atom, which aﬀects the V−O3 stretching vibration
(Figure 4a, middle). Shifts of bands below 530 cm−1 are hardly
visible. The observations suggest that oxygen atoms at the V
O1 and V−O3 sites were partially exchanged in the presence of
20% 18O2/He at 573 °C.
The temporal evolution of spectra recorded in situ during
the experiment at 573 °C is shown in Figure 5a. The gradual
increase of the new band around 962 cm−1 is clearly observed
reﬂecting the increase of the exchange extent. The band
positions of original bands are not aﬀected, showing that the
extent of exchange (O1 atoms) has no inﬂuence on the band
position.
3.2.2.2. Oxygen Isotope Exchange in the Presence of
Propane. The following experiment explores how the chemical
potential of the gas phase inﬂuences the oxygen exchange at
diﬀerent temperatures. For this purpose, propane was added to
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Figure 4. Deconvolution of Raman spectra collected at room temperature after treatment at diﬀerent temperatures and in diﬀerent gas atmospheres
(the same Raman spectra as shown in Figure 3) in the V−O3 (a) as well as VO1 and O1−V−O2 stretching vibration region (b). Temperatures
and gas atmospheres are speciﬁed in the right top corner of each section. (c) Corresponding representations of vibrational motions of phonon
modes.

further reveals that the newly formed band at 954 cm−1
possibly contains three components from diﬀerent combinations of exchanged O1 and O2 atoms due to V−O1 and O1−
V−O2 stretching vibrations (Figure 4b(top)). The presence of
a component corresponding to 18O1−V−16/18O2 (coupling of
O2 atoms) suggests a faster exchange of O1 atoms with 18O as
compared to O2 atoms. Bearing in mind the calculated Raman
spectrum of V218O5 (Table 1), the results suggest that
essentially all three types of oxygen atoms were exchanged in
the presence of propane at 573 °C. In a control experiment,
16
O2 instead of 18O2 was used (Figure S12). According to that,
propane oxidation at this high reaction temperature does not
change the structure of V2O5 so drastically as to aﬀect the
Raman spectrum. Consequently, the change in band positions
presented in Figure 3 is due to 18O incorporation into V2O5.
These results directly prove that the presence of a reductant
accelerates exchange rates.29,34 Assuming the R2 exchange
mechanism over V2O5, two surface vacancies are required to

the oxygen ﬂow. The presence of propane, which undergoes
oxidation under the applied conditions (propane conversion X
= 36% at 573 °C), will change the defect concentration on the
surface and in the bulk of the vanadia. A low ratio of propane
to oxygen (1:19) was used to prevent severe reduction of
V2O5, in particular at the high reaction temperatures.
When a ﬂow of C3H8:18O2:He in a ratio of 1:19:80 was
applied at 573 °C, the intensity of the band at 994 cm−1
decreased signiﬁcantly and all other bands moved to lower
wavenumbers (Figures 3, 4a, 4b(top), and 5b). A new band
appeared at around 954 cm−1. This is diﬀerent from the case
using 20% 18O2 in helium (Figures 4a, 4b(middle), and 5a),
where the development of a band at 962 cm−1 with a shoulder
around 955 cm−1 was observed. Speciﬁcally, the extent of
exchange of O3 atoms is higher than under only oxygen ﬂow as
indicated by the larger shift of the position of the peak near
700 cm−1 and the appearance of a component of full V−18O3
in this band (Figure 4a(top)). The deconvolution analysis
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Figure 6. Extent of oxygen exchange as a function of time; The lines
are the ﬁtted results using eqs 3 (dashed) and 4 (solid). The
experimental data points were taken from the experiments shown in
Figure 5. Note that the time used in the graph is the average time
taken to record each spectrum.

Figure 5. In situ Raman spectra of V2O5 at 573 °C under 20% 18O2 in
He (a), 1% C3H8 + 19% 18O2 in He (b), and 1% C3D8 + 19% 18O2 in
He (c) as a function of time. Conditions of exchange experiments are
described in the caption of Figure 3. The numbers show the time that
had passed since the start of the experiment at the moment of
recording. Laser: 532 nm.
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make exchange happen.28 It is likely that propane eﬀectively
generates vacancies on the surface of V2O5 and greatly
increases the probability of having two neighboring vacancies.
DFT calculations also imply that reduced surfaces of metal
oxides are energetically more favorable for oxygen activation
than unreduced surfaces.40 It was pointed out that the
formation energy of surface oxygen vacancies is reduced by
the presence of surface OH groups due to a weakening of the
V−O bond in V−OH.68 To verify this, deuterium labeled
propane was used in the isotopic oxygen exchange experiment.
The exchange proceeds indeed at a slightly lower rate in the
case of using deuterium labeled propane as compared to
normal propane (Figure 5c). The exchange extent at each time
step is lower than that using normal propane. The observed
isotope eﬀect suggests that hydrogen is involved in the oxygen
activation process, possibly by reducing the energy to form
oxygen vacancies at the surface.
To further quantify the exchange process, the exchange
extent ΔA,
A new
ΔA =
A new + A 994
(2)

∞

bulk diffusion limited

surface exchange limited

(4)

where kex refers to the surface oxygen exchange coeﬃcient, D is
the oxygen diﬀusion coeﬃcient, and a is the radius of the
spherical catalyst particles, have been considered. The
assumption of spherical particles is a rather crude simpliﬁcation
in view of the plate-like nature of the V2O5 particles (Figure
S3). However, a comparison of relative changes is possible.
The detailed derivation of eqs 3 and 4 and the ﬁtting
parameters (Table S4) are provided in the Supporting
Information. As Figure 6 shows, oxygen exchange at 573 °C
remains limited to the surface in the absence of propane
(Figure 6, black lines and data points). Studies of oxygen
exchange on amorphous V2O5 at 400−550 °C have shown
that, in the absence of a reducing agent, the rate of exchange is
controlled by the surface reaction.73 In the presence of
propane, however, the overall exchange rate appears to be
limited by the bulk diﬀusion (Figure 6, red and blue lines and
data points). Apparently, propane at 573 °C accelerates oxygen
exchange at the surface, so that oxygen diﬀusion in the bulk
becomes a comparatively slow process.
The main bands positions were not shifted when the same
experiment was performed at 431 °C (Figures 3 4a, and
4b(bottom)). The temperature 431 °C is a typical reaction
temperature applied in alkane oxidation over V-based catalysts.
Just a small intensity diﬀerence near 962 cm−1 was found
indicating that the oxygen exchange is just detectable by
Raman spectroscopy at this temperature and mainly VO1
sites were exchanged (Figure 4b, bottom). In contrast, oxygen
exchange at the same temperature in pure oxygen could not be
detected by Raman spectroscopy. Due to the small extent of
exchange at 431 °C, it was not possible to perform a kinetic
analysis in analogy to the experiment at 573 °C (Figure 6).
However, since oxygen diﬀusion in the bulk is even more

where A refers to the band area, as a function of time (Figure
5) was analyzed at 573 °C in the diﬀerent gas atmospheres
(Figure 6). The analysis does not allow the diﬀerentiation
between the three types of oxygen atoms. Instead, the total
extent of exchange is estimated. In general, isotopic oxygen
exchange comprises surface exchange and bulk diﬀusion.69−71
Surface exchange takes place at the interface between the solid
and the gas. The propane molecule would also be involved in
the surface exchange by reacting with labeled surface oxygen
species and generating oxygen vacancies. Bulk diﬀusion of
oxygen can proceed through vacancies or interstitial sites.72 In
the following, the two borderline cases
i 3k t y
ΔA = 1 − expjjjj− ex zzzz
a {
k

Article

(3)
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Figure 7. Eﬀect of the nature of the alkane on isotope oxygen exchange. (a) Raman spectra of V2O5 measured at room temperature before and after
isotopic oxygen exchange experiments under 10% C3H8 + 5% 18O2 and 10% C2H6 + 5% 18O2, respectively, at 400 °C. (b) In situ Raman spectra of
V2O5 at 400 °C under 16O2 and 10% C4H10 + 5% 18O2 as a function of time. Numbers on the spectra indicate the starting time of measurement.
Asterisks represent cut cosmic ray signals. Raman spectra were normalized to [0,1]. Laser: 532 nm. Exchange experiments were conducted at 400
°C for 2 h in the Harrick Raman chamber. Heating rate: 5 °C/min. Total ﬂow rate: 10 mL/min.

Table 2. Types of Oxygen Atoms in V2O5 Exchanged at Diﬀerent Temperatures and in Diﬀerent Gas Atmospheres
gas phase composition (vol %)
O2/He
C2H6/O2
C3H8/O2
C4H10/O2

temperature of oxygen exchange (°C)

alkane

O2

inert

573

431

400

322

0
10
1
10
10

20
5
19
5
5

80
85
80
85
85

O1, O3
−
O1, O2, O3
−
−

n.d.a
−
O1
−
−

−b
O1
−
O1
O1, O2c

−
−
n.d.
−
−

n.d.: not detectable by Raman spectroscopy. b−: not analyzed. cObservation diﬃcult due to superimposed reduction of V2O5

a

formation of 16O18O was found from C3H8−16O2−18O2
mixtures on V16Ox/Zr16O2 at about 427 °C.77
3.2.2.3. Inﬂuence of the Hydrocarbon Chain Length. The
eﬀect of the nature of the alkane on the isotope oxygen
exchange was examined at 400 °C applying an alkane:oxygen
ratio of 10:5. These conditions correspond to the typical
temperature and feed composition used in the oxidative
dehydrogenation of alkanes. Ethane, propane, and n-butane
were compared. In case of ethane and propane, a small band
near 962 cm−1 occurs after 2 h under these conditions, while
all the other bands maintain their positions (Figure 7a).
Apparently, mainly a small fraction of VO1 sites was
exchanged. By using n-butane, a new band at 946 cm−1 is
already formed after 2 min (Figure 7b). No change in the
Raman spectra was observed after such a short time in the
experiments with ethane and propane. As compared to the
spectrum obtained under 16O2 at the same temperature, the
band at 700 cm−1 (shifted to 693 cm−1 due to thermal eﬀect)
maintains its position as well as other bands. V2O5 was fully
reduced, however, after only 12 min, and no clear features can
be found in the in situ Raman spectra anymore (Figure 7b).
The more reducing conditions in n-butane lead most likely to a
higher concentration of surface oxygen vacancies. The newly
formed band at 946 cm−1 is attributed either to isotope oxygen
exchange (see band at 953.4 cm−1 for 18O1−V−18O2
stretching in Table 1) or to an intermediate (suboxide) during
reduction of V2O5.

diﬃcult at lower temperatures, it is very likely that this process
does not play a role in the lower temperature range.
Finally, the exchange in the presence of propane was also
performed at 322 °C. No change in the Raman spectrum was
observed under these conditions after 2 h (Figure 3).
The direct comparison of the present in situ Raman
experiments with kinetic studies of isotopic oxygen exchange
by mass spectroscopy in the past is not possible, as these
experiments were carried out in vacuum at low oxygen partial
pressures of a few millibar,28,29 which were lower than or in the
order of the magnitude of the equilibrium oxygen partial
pressure that develops above V2O5 at elevated temperatures.74−76 Online mass spectra recorded during a temperature programed experiment in the Raman cell in the presence
of 20% 18O2 in He show that the onset temperature for
observing mixed 16O18O in the gas phase was ∼424 °C (Figure
S9), and for 16O2 at ∼450 °C, which is in agreement with the
observation that no oxygen exchange was observed by Raman
spectroscopy at 431 °C in 20% 18O2 in He (Figure 3). The
Raman spectroscopy appears a little less sensitive than the
mass spectroscopy. Furthermore, an increase in the relative
concentration of 16O atoms in the gas phase oxygen also
occurred at ∼424 °C, which conﬁrms that the oxygen exchange
between the gas phase and the solid starts at temperatures
higher than 420 °C in absence of a reducing agent, because in
the case of a full gas-phase R0 mechanism a constant atomic
ratio of 16O would be expected. The formation of 16O18O
further implies that oxygen dissociation (eq 1) on V2O5 is
reversible, which is diﬀerent from a previous work, in which no
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4. GENERAL DISCUSSION AND CONCLUSIONS
V2O5 was studied using multiwavelength Raman spectroscopy.
Reassignment of the experimentally observed active Raman
vibrational modes using DFT calculations revealed that the
band at 994 cm−1, which in previous studies was attributed
exclusively to the vanadyl oxygen stretching vibration (V
O1), contains additional contributions from O2 atoms. Based
on the present combined experimental and theoretical
approach, a method was developed to unambiguously
determine the nature of the oxygen atom in the crystal
structure of V2O5 (O1, O2, or O3) exchanging with 18O2 in the
gas phase. The new assignment makes it possible to determine
experimentally which type of oxygen atom can be exchanged
under which reaction conditions. The exchange position
depends strongly on the temperature and the chemical
potential in the gas phase. An overview of the cases studied
in the present work is given in Table 2. The conditions
investigated are important for the selective and total oxidation
of alkanes.
For example, in the presence of propane, but under quite
oxidative conditions (1% C3H8, 19% O2), only O1 oxygen
atoms are exchanged at 431 °C. This temperature is in the
range where selective oxidation reactions of alkanes are
typically carried out. Using eq 2, a degree of exchange of
∼6.8% is measured by Raman spectroscopy after 2 h under
these conditions. Since the probing depth of Raman spectroscopy is limited and ranges between a few and several hundreds
of nanometers depending on the energy of the exciting laser,
the overall exchange extent of the entire sample is much
smaller than this value. The very low degree of exchange,
which was only detectable after prolonged reaction time (2 h),
indicates that the oxygen isotope exchange occurs mainly at
the surface and/or in a near-surface region under the applied
conditions. With increasing temperature in an oxidative
atmosphere or in the presence of reducing agents, O3 sites
and eventually O2 sites are exchanged. All types of oxygen
(O1, O2, and O3) are involved in the exchange at very high
temperatures (573 °C) and in the presence of propane in the
feed. Under these conditions, a kinetic analysis utilizing
spectral changes as a function of time was possible. The
analysis shows that oxygen vacancies generated by propane
facilitate the incorporation of gaseous oxygen into the lattice of
V2O5 by accelerating the surface exchange process. Hence,
rapid oxygen exchange at 573 °C in the presence of propane
appears to be limited by bulk diﬀusion.
The exchange of oxygen in V2O5 becomes energetically
increasingly diﬃcult in the following order: O1 < O3 < O2.
The terminal vanadyl defects are the easiest to form in
agreement with predictions by theory.9,78 Under typical
reaction conditions of propane oxidation (400−450 °C),
mainly vanadyl oxygen O1 is involved in the oxygen exchange
and the very low exchange extent suggests that the exchange
occurs primarily on the surface and/or the near surface region.
With a classical feed composition (C3H8:O2 = 2:1) and
temperature (400 °C) of the oxidative dehydrogenation of
propane, hardly any change is seen in the spectrum and this
small change only aﬀects O1. In this temperature range, the
working catalyst in the Raman cell produces propene by
oxidative dehydrogenation of propane and CO2 as the product
of total oxidation (Figure S14). The selectivity to propene
under these conditions and at low conversions, which are
typically set for kinetic studies, is between 55 and 60%. The
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catalyst was working in steady-state (Figure S14), and
consequently, no changes in the Raman spectra are observed
with time on stream. Also under other reaction conditions, no
changes were detected after a total reaction time of 7 h (Figure
S14).
In vanadium oxide based systems, it is commonly assumed
that the formation of propene and other oxidation products
occurs according to the Mars−van Krevelen mechanism,79
which would involve consumption of surface oxygen atoms by
incorporation of surface or lattice oxygen into water or oxygencontaining oxidation products. As far as propane oxidation on
vanadium oxide catalysts is concerned, these conclusions are
mainly based on kinetic modeling,77,80 or DFT calculations at
0 K.81 In the present work, the basis for the assignment of the
Raman bands of V2(16O,18O)5 was provided. The isotope
exchange experiments presented here cast doubt on whether
the Mars−van Krevelen mechanism prevails under typical
conditions of selective oxidation of propane, since a very small
change in the spectra was observed only after 2 h of operation
at 400 °C, indicating some exchanged O1 atoms (Figure 7a),
while the catalyst produced propylene and CO2 at the steady
state long before these changes were observed in the Raman
spectra (Figure S14a). However, due to the limited sensitivity
of Raman spectroscopy, further systematic operando investigations in combination with mass spectrometry are needed
here to obtain more clarity.
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