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Abstract: A MoOx/Al2O3 catalyst was synthesised and tested for oxidative (ODP) and non-oxidative
(DP) dehydrogenation of propane in a reaction cycle of ODP followed by DP and a second ODP run.
Characterisation results show that the fresh catalyst contains highly dispersed Mo oxide species in the
+6 oxidation state with tetrahedral coordination as [MoVIO4]2− moieties. In situ X-ray Absorption
Spectroscopy (XAS) shows that [MoVIO4]2− is present during the first ODP run of the reaction cycle
and is reduced to MoIVO2 in the following DP run. The reduced species are partly re-oxidised in the
subsequent second ODP run of the reaction cycle. The partly re-oxidised species exhibit oxidation and
coordination states that are lower than 6 but higher than 4 and are referred to as MoxOy. These species
significantly improved propene formation (relatively 27% higher) in the second ODP run at similar
propane conversion activity. Accordingly, the initial tetrahedral [MoVIO4]2− present during the first
ODP run of the reaction cycle is active for propane conversion; however, it is unselective for propene.
The reduced MoIVO2 species are relatively less active and selective for DP. It is suggested that the
MoxOy species generated by the reaction cycle are active and selective for ODP. The vibrational
spectroscopic data indicate that the retained surface species are amorphous carbon deposits with a
higher proportion of aromatic/olefinic like species.

Keywords: propane; dehydrogenation; molybdenum oxide; XANES; Raman spectroscopy;
inelastic neutron scattering spectroscopy; infrared spectroscopy

1. Introduction

In order to bridge the propene supply and demand gap, the chemical industry has looked to highly
selective on-purpose technologies like propane dehydrogenation (DP). Despite the selectivity benefits
of DP, the process is highly endothermic and vulnerable to fast catalyst deactivation. Alternatively,
propane oxidative dehydrogenation (ODP) occurs in the presence of oxygen via an exothermic pathway
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which has the potential to overcome the thermodynamic and catalyst deactivation constraints inherent
in DP. The commercialisation of ODP is however not yet feasible, due to propene selectivities being
hampered by consecutive combustion reactions [1–5].

In order to overcome this problem, studies have been conducted into the use of supported
molybdenum oxide to enhance selectivity for propylene during ODP and DP reactions [3,5,6].
Molybdenum oxide-based catalysts have been well characterised by various techniques including
operando methods due to their fundamental and applied significance [7–14]. It is widely accepted
that the nature and distribution of Mo oxide species depend sensitively on several parameters such
as Mo loading, catalyst support and calcination procedure, resulting in a variety of species spanning
from monomeric, dimeric and oligomeric Mo oxide species to large Mo oxide clusters [8,11,15–17].
The surface composition of the catalyst determines the catalytic properties in various petro- and
fine- chemical processes such as oxidation, metathesis, aromatisation and dehydrogenation of lower
alkanes [15,18–24]. For example, by in situ Raman studies on MoOx/Al2O3 it is suggested that
oligomeric Mo oxide species are more active for propene metathesis than monomeric species or large
clusters [15], while oxidative dehydrogenation of ethane (ODE) activity is related to monomeric
Mo–O–Al species [17]. Other studies on MoOx/ZrO2 suggest that Mo=O species are active for C–H
bond activation in oxidative dehydrogenation of propane (ODP) [16]. In a marked contrast, another
study on MoOx/Al2O3 promoted with Li suggests that terminal Mo=O species are not active for
ODP [25].

Chemical-looping strategies have also been recently explored for DP in order to combat
the undesired combustion reactions and subsequently improve propylene selectivity [26,27].
Propene selectivity was studied over 10 propane only injections (no O2 in the feed) followed by
a re-oxidation step over vanadium catalysts. Combustion to carbon oxides dominated during the
first few injections, followed by an increasing propene selectivity, implying that a degree of catalyst
reduction is necessary to maximise propene selectivity [26]. Similar DP studies over mixed Mo-V-O
catalysts have reported 100 cycles of PD followed by regeneration, yielding promising propene
yields [27]. An operando UV-Vis/Raman/XAFS study on MoOx/Al2O3 during successive propane
dehydrogenation (DP) cycles consisting of reaction and regeneration indicates reduction of some of the
initial MoVI to MoIV and changes in the catalyst structure along with coke formation which accounted
for a continuous loss in overall activity in successive cycles [28].

In line with these observations, the present study reports a novel reaction cycle comprising
ODP, DP followed by a second ODP run over MoOx/Al2O3. Significantly, the reaction cycle results
in increased propene formation in the second ODP reaction whilst maintaining a similar propane
conversion. The improved propene formation is explained by in situ X-ray Absorption Near Edge
Structure (XANES) and the nature of surface adsorbed species under the reaction cycle is probed by
complementary Raman, infrared and inelastic neutron scattering (INS) spectroscopy studies.

2. Results and Discussion

2.1. Activity Tests

The catalyst activity in sequential oxidative (ODP) and non-oxidative (DP) dehydrogenation of
propane cycle is presented in Figure 1. On switching to the first ODP step an initial propane conversion
of ~30% was observed which gradually dropped to 25.5% after 30 min on stream. After a subsequent
regeneration step, a slight increase in conversion was observed at the onset of propane dehydrogenation
(26.5%) however, this dropped continually over the 60 min reaction period. On switching back to ODP,
a gradual recovery of the catalyst activity was observed, reaching 26.5% after ~35 min. This gain of
24.5% was identical to the lost activity observed during the previous DP run. The regained activity
can be attributed to the combustion of the surface adsorbed species (a sharp CO2 and H2O formation
appeared at the initial stage of the second ODP, not shown) which perhaps recovers a fraction of the
active Mo oxide sites. At the end of the second ODP reaction cycle, the activity of the catalyst is similar
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to the one observed at the end of the first ODP run indicating that deactivation observed during the
60 min DP was reversible.

Figure 1. The subsequent oxidative and non-oxidative dehydrogenation of propane activity over
MoOx/Al2O3 at 500 ◦C shown as (A) Propane conversion and (B) Propene formation. Propene formation
is presented as the contribution of propene to the mass spectrometry response of m/z 41 expressed as
a%. This is calculated by subtracting the contribution of propane to m/z 41. Refer to the Materials and
Methods section for activity test details.

Interestingly, the propene selectivity got markedly better during the second ODP reaction,
increasing from a contribution to m/z 41 of 10% during the DP cycle, to almost 20% by the end of the
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second ODP cycle (Figure 1B). Significantly, the propene formation was substantially improved (5%) in
the second ODP run as compared to that in the first ODP at similar propane conversion. Within the
first 10 min on stream of the second ODP run, the oxygen content in the feed considerably depleted
suggesting the combustion of carbon deposits and perhaps occurrence of a Mo oxide redox cycle.
The former is consistent with the rapid formation of CO2 and H2O as noted above. Excluding these
first 10 min of the second ODP run which can be attributed to coke combustion, the amount of CO2

formed in both ODP runs was approximately equal, no CO2 is detected under DP. Despite significant
differences in propene formation in the first and second ODP runs, similar CO2 formation indicated the
occurrence of competitive reactions (other than combustion) such as aromatization, which is known
for Mo oxide based catalysts [11,15,18–21]. Such side reactions might have dominated in the first
ODP run while they appeared to have been suppressed in the second ODP. The improved propene
formation and suppressed side reactions in the second ODP may have been a result of the DP run that
fell between the two ODP runs of the reaction cycle. Therefore, the effect of reaction cycle on the nature
of active/selective Mo oxide species and the nature of surface adsorbed species is of interest. To this
end, in situ XANES, which is sensitive to the oxidation and coordination state of Mo oxide, under the
reaction cycle was studied to capture the redox dynamics of the catalyst.

2.2. In-Situ XANES

The in situ XANES experiment replicates the reaction cycle and was used to monitor Mo oxide
species. The XANES spectrum of the fresh catalyst, Figure 2A resembles the spectrum of the reference
compound Fe2(MoO4)3, with an edge (E0) energy of 20017.3 eV and a similar intense pre-edge feature
due to an s → d electronic transition, suggesting that the oxidation and coordination states of the
Mo oxide species in the fresh catalyst were similar to the reference compound Fe2(MoO4)3. Such an
electronic transition from s→ d is Laporte forbidden, however, a significant p-d hybridization of a
system with a tetrahedral geometry that is highly distorted may allow the transition due to a net
change in the parity (∆l = 1) [29]. Based on this, it can be proposed that Mo oxide species in the fresh
catalyst were in the +6 oxidation state (Table 1) with tetrahedral coordination as in [MoVIO4]2− [29,30].

After the first ODP run of the reaction cycle, no changes to the XANES spectra were observed as
compared to that of the fresh catalyst (Figure 2), implying no change in the oxidation and coordination
state of [MoVIO4]2− species. The following 60 min DP run resulted in a gradual change in the pre-edge
and edge features. At the end of this period, the sharp pre-edge feature was diminished and edge
features became distinctly prominent, consistent with a change in the coordination state of [MoVIO4]2−

from tetrahedral to more octahedral-like in character that forbade the s→ d transition. [29,31] The edge
position also shifted gradually from 20017.3 eV to 2014.4 eV as shown in Figure 2B, the latter coinciding
with that of reference MoO2 indicating that the oxidation state of [MoVIO4]2− species in the catalyst was
reduced from +6 to +4 (Figure 2A). During the first 10 min of the second ODP run the edge position of
the XANES spectrum shifted steadily from 2014.4 eV to 20,016.9 eV, after which no further change
was observed. Interestingly, the edge position at 20,016.9 eV was lower than the one observed for the
fresh catalyst and that after the first ODP run but was higher than the edge position observed after
the intermediate DP run, indicating that only partial re-oxidation of Mo oxide occurred during the
second ODP run, coinciding with the depleted oxygen content in the feed during the reaction cycle
(see Activity Tests section). Thus, the edge position of the spectrum taken at the end of the second
ODP run, which was also the end of the reaction cycle, fell between the Mo oxidation state of +6 and
+4. Moreover, the altered intensity of the pre-edge feature implies that the tetrahedral [MoVIO4]2−

species were not completely recovered. These observations indicate that at the end of the reaction
cycle a fraction of Mo oxide species appeared to be in a distorted structure, which was neither fully
octahedral nor tetrahedral with an oxidation state lower than +6 but higher than +4, formed at the
expense of the initial tetrahedral [MoVIO4]2− species.



Catalysts 2020, 10, 1370 5 of 13

Figure 2. In situ X-ray Absorption Near Edge Structure (XANES) spectra of MoOx/Al2O3 at 500 ◦C
during oxidative and non-oxidative dehydrogenation of propane cycle (A) and the change in the
position of the edge energy of the XANES during on stream of the reaction cycle (B). XANES spectra
and edge energies of the reference compounds MoO3, Fe2(MoO4)3 and MoO2 are also included.

Analysis of the Extended X-ray Absorption Fine Structure (EXAFS) region of the spectra collected
at the end of the first ODH run was consistent with [MoO4]2− species, fitting well to 4 M-O scatterers
with a distance of 1.74 Å. After the DP run, the catalyst appeared to be reduced, fitting to two Mo-O
paths at distances similar to MoO2 [30]. In comparison to the first ODP run, at the end of the second
ODP run, the data required a second Mo-O scattering path at 1.9 Å, indicating a greater spread in O
distances consistent with MoOx species retaining some of the octahedral character obtained during the
DP run (Table 1). The reaction cycle induced rearrangement of Mo oxide species in the catalyst was
further studied by Raman spectroscopy.

Table 1. Extended X-ray Absorption Fine Structure (EXAFS) fitting parameters 1 for the spectra collected
at the end of step of the reaction cycle.

Sample Abs-Scatterer E0 (eV) Coordination
Number R (Å) σ2 Rfactor

End of 1st ODP Mo-O −8.0 ± 0.3 4 ± 1 1.74 ± 0.01 0.006 ± 0.004 0.05

End of DP
Mo-O

5 ± 8
1.0 ± 0.7 1.76 ± 0.03 0.003

0.1Mo-O 2.8 ± 0.8 2.06 ± 0.04 0.003

End of 2nd ODP
Mo-O

−9 ± 7
4.2 ± 0.6 1.74 ± 0.04 0.005

0.04Mo-O 1.3 ± 0.9 1.96 ± 0.07 0.003
1 Fitting parameters: S0

2 determined from the Mo foil = 0.82, 1 < R < 3 Å, k-range 3.0–10.0 Å−1, no. of independent
points 9.
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2.3. Raman Spectra

The Raman spectrum of the fresh catalyst (before the reaction cycle) showed bands at 374, 814, 884,
920 and 1000 cm−1 with shoulders at 993 and 1025 cm−1, Figure 3 and detailed in Table 2. The spectrum
largely resembles the reference compounds Al2(MoO4)3 and Fe2(MoO4)3 [11] indicating the presence
of at least three types of highly distorted MoO4 like species in the fresh catalyst, in excellent agreement
with the XANES data that showed a pre-edge s→ d electron transition indicating a distorted tetrahedral
geometry. The band at 815 cm−1 may indicate the presence of a small amount of MoO3, however,
the accompanying bands expected between 700 and 500 cm−1 attributable to Mo–O–Mo bonds in
polycrystalline MoO3 particles [7–9,11,15,16] were not observed, which suggests the majority of the
Mo was isolated [MoO4]2− species. The presence of highly dispersed oligomeric/polymeric species
cannot be ruled out as the corresponding bands were probably overlapped by bands between 376 and
800–1000 cm−1 [11,15].

Figure 3. Raman spectra of hydrated fresh (before the reaction) and used (after the reaction cycle)
catalysts at room temperature. Magnified region of the used catalyst—type 2 is shown in the inset.

Table 2. Proposed assignments 1 of observed Raman bands.

Sample Wavenumber (cm−1) Mode 2 Mo Species

Fresh
1025 ν(Mo=O) Al2(MoO4)3
1000 ν(Mo=O) Al2(MoO4)3 or MoO3
993 ν(Mo–O) Al2(MoO4)3 or MoO3

Used Type 1 965 ν(Mo–O) Octahedral Mo species
930 νs(Mo–O) Dimeric

Fresh + Used Type 1 884 νas(Mo–O) Dimeric

Used Type 2 840 ν(Mo–O–Mo) or
ν(Mo–O–Al) Mo5+

Fresh + Used Type 1 814 νas(Mo–O–Mo) MoO3

Fresh + Used Type 1 + 2 374 δ(Mo=O) Al2(MoO4)3

Used Type 2 267 δ(Mo–O–Mo) Polymerized species
1 Assignments of the Raman data are taken from references 7, 11, 20, 31 and 32. 2 Modes are described where ν and
δ represent stretch and bend respectively, and as and s represent asymmetric and symmetric.
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After the reaction cycle (used catalyst), two distinct Raman spectra were noted indicating that
the catalyst bed was unevenly affected, as expected, from the inlet to the outlet region (Figure 3).
The type-1 Raman spectrum (red spectrum in Figure 3) of the catalyst resembled that of the fresh
catalyst, however, the absolute intensity was reduced and the position of the bands was slightly red
shifted. Moreover, two weak additional bands at 1365 and 1598 cm−1 were present. The band positions
were now centred at 815, 883, 920 and 997 with a shoulder at 965 cm−1. We note that the high frequency
shoulder observed for the fresh catalyst at 1025 cm−1 was missing and the band at 376 cm−1 became
broader with an extended tail in the low energy region. These observations indicate a decreased
population of mono oxo tetrahedral Mo species in favour of polymeric species, including octahedral
(965 and 920 cm−1) and dimeric species (930, 883, and 330 cm−1), but not in favour of polycrystalline
MoO3 particles as is evident from the missing bands between 700 and 500 cm−1. In line with this,
the type-2 Raman spectrum (blue) showed weak and broad bands assignable to Mo oxide species at
267, 376, 840 and 1000 cm−1 (see inset in Figure 3), along with two additional prominent bands at
1365 and 1598 cm−1. The band at 267 cm−1 could be tentatively attributed to the Mo–O–Mo bond in
polymerized species, while the band at 840 cm−1 could be assigned to terminal Mo=O bonds [32] or to
reduced Mo oxide species with an oxidation state of +5 [20,33]. The latter was in excellent agreement
with in situ XANES results which showed an oxidation state of 4 < δ < 6 (Figure 2 and Table 2) and
indicated the changed nature and distribution of Mo oxide species in the catalyst. The two distinct
Raman spectra of the used catalyst exhibit common bands at 1365 cm−1 and 1598 cm−1 which are
attributable to carbon deposits [34]. The band at 1365 cm−1 is denoted as the D band, also referred
to as the disorder-induced mode, and relates to the A1g mode [34,35]. The band at 1598 cm−1 was
denoted as the G band and related to the E2g mode [35]. Among the two, the G band was sharper and
more intense than the D band implying the graphitic-like structure of the adsorbed species which was
further studied by infrared spectroscopy.

2.4. Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFTS)

The DRIFTS spectra of the fresh and used catalysts are shown in Figure 4. The fresh catalyst
showed broad bands centred around 3500, 3250, 1624, 1420 and 1060 cm−1. The bands at 3500 and
3250 cm−1 were assigned to the stretching modes of hydrogen bonded OH groups on the catalyst
surface (including physisorbed water) [36–38]. The corresponding H–O–H bending mode appeared at
1624 cm−1. The bands at 1420 and 1060 cm−1 could be due to surface adsorbed carbonate-like species
and surface Al–O vibrational mode of the support γ-Al2O3, respectively [39,40]. The broad features
between 1060 and 800 cm−1 were tentatively assigned to isolated [MoVIO4]2− like species [20,40,41],
in line with the in situ XANES and Raman spectra (Figures 2 and 3).

The used catalyst exhibited several new bands below 2000 cm−1 (Figure 4). The bands at 1690, 1585,
1420, 1367, 1165 and 1025 cm−1 reflected the surface adsorbed species resulting from the reaction cycle.
These bands may very well represent different species which overlap at the same position. The weak
band at 1690 cm−1 may be the C=C stretch mode of substituted alkenes [42,43], or it may reflect the
presence of a small amount of a conjugated ketonic functionality. The prominent band at 1585 cm−1

was assigned to aromatic C=C stretching modes. In line with this, the band at 1024 cm−1 could also be
due to aromatic C–H deformation mode [42,44]. The band at 1420 and a broad feature at 1367 cm−1

could be due to in plane δ(=CH2) and δsymCH3 modes of alkenes [42,44]. The corresponding C–C
stretching and methyl rock modes of alkenes may have contributed to bands at 1165 and 1024 cm−1,
respectively. A contribution from surface carbonate species to bands at 1580 and 1420 cm−1 [39,45]
was unlikely under these reaction conditions. The results on the one hand indicated the presence
of complex combination of surface adsorbed species which were olefinic and aromatic in nature on
the used catalyst, on the other hand reflected the complexity of IR bands which required additional
evidence such as by inelastic neutron scattering (INS).
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Figure 4. Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra of fresh (before the reaction)
and used (after the reaction) hydrated catalysts at room temperature.

2.5. Inelastic Neutron Scattering (INS) Spectroscopy

INS is a complementary technique to the traditional infrared and Raman spectroscopy and is
sensitive to the hydrogenous species of the surface adsorbed deposits [46]. Thus, the catalyst before
and after the reaction cycle is studied by INS to shed more light on the structure of the adsorbed
species, Figure 5.

Figure 5. Inelastic Neutron Scattering (INS) spectra of: (a) fresh (before the reaction), (b) used (after the
reaction cycle) catalysts and (c) the difference spectra. The top set was recorded on TOSCA, with the
fresh catalyst recorded immediately after drying in vacuum at 110 ◦C. The lower set were recorded
with MAPS using incident energies of 2000 cm−1 (a′, b′, c) and 5200 cm−1 (a”, b”, c”). The fresh catalyst
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used for the MAPS measurements (a′ and a”) was the same as that used for TOSCA (a), however,
the measurement delay between the two beam times (TOSCA and MAPS) led to water re-absorption
on the catalysts.

The difference spectrum in the TOSCA data ((c) in the top part of Figure 5) showed a broad feature
at ~500 cm−1, a second feature at ~900 cm−1 and a very weak mode at ~3100 cm−1. In the corresponding
difference spectrum of the MAPS data (lower part of Figure 5), the 900 and 3100 cm−1 features were
also seen, but not the ~500 cm−1 one. The band at 500 cm−1 observed on the used catalysts is due
to the librational modes of adsorbed water. As the fresh catalyst had been dried under vacuum just
prior to measurement, this mode was not observed for the fresh sample and therefore is not subtracted
in the resulting spectrum. As both the fresh and used catalysts used for the MAPS measurements
were partially re-hydrated, the water bands were well subtracted, as shown in the MAPS difference
spectra. The two bands at 900 and 3100 cm−1 were assigned as the out-of-plane C–H bend and the C–H
stretch of a furnace black-like species [47,48], while the weak band at ~1230 cm−1 is due to an in-plane
C–H bend. Based on this, it can be suggested that the surface carbonaceous deposits were mainly
aromatic-like species with furnace black-like structure. Previous work using GC-MS identified pyrene,
methyl pyrene and perylene species [49], these are likely to be precursors to the material observed by
INS spectroscopy. However, the occurrence of a fraction of olefinic coke-like species cannot be ruled
out as shown by the DRIFTS.

3. Materials and Methods

3.1. Catalyst Synthesis

The Mo oxide supported on γ-Al2O3 catalyst was prepared by the incipient wetness
impregnation method. A clear colourless aqueous solution of ammonium molybdate tetrahydrate
(99%, Fluka analytical, Loughborough, UK) was added dropwise to γ-Al2O3 (Degussa, AG, Düsseldorf,
Germany), which was previously calcined at 500 ◦C for 5 h. The impregnated sample was then dried
at 120 ◦C for 12 h, followed by calcination at 500 ◦C for 24 h, which resulted in a pale-yellow powder.
This consisted of, nominally, three monolayers (≈21 wt.%) Mo oxide on Al2O3 support (Table 3).
The final calcined catalyst was denoted as fresh catalyst MoOx/Al2O3.

Table 3. Physico-chemical properties of the catalysts.

Catalyst Vtotal (cm3/g) SBET
a (m2/g) Pore Size b

(nm)
Surface Mo Density

(Mo/nm2) c
Oxidation State of

Mo Oxide d

Fresh 0.612 81 16 10.8 VI
Used 0.610 79.0 16 11.1 IV < δ < VI

a Brunauer–Emmett–Teller (BET) method; b Barrett-Joyner-Halenda (BJH) model; c nominal loading; d XANES.

3.2. Activity Tests

The catalyst activity and selectivity in a subsequent oxidative (ODP) and non-oxidative (DP)
dehydrogenation of propane cycle were studied at 500 ◦C using a commercial Hiden Analytical micro
reactor (CATLAB, Warrington, England). The reactor inlet was connected to a gas manifold and the
outlet was connected to a Hiden Analytical QGA mass spectrometer, Warrington, England. The reactor
was loaded with 50 mg of catalyst (sieve fraction ≈150 µm). Prior to the reaction cycle, the catalyst was
pre-treated in air at 500 ◦C for 30 min. Then the air was replaced by the reaction mixture (at a total
flow of 50 mL min−1) corresponding to the subsequent ODP and DP reaction cycle which comprises
of: 4 vol.% C3H8 and 2 vol.% O2 in He (first ODP run for 30 min), followed by 10 vol.% O2 in He (a
regeneration step for 15 min) and then 5 vol.% C3H8 in He (DP run for 60 min) and finally the second
ODP run with the same mixture as for the first ODP run for 30 min. Propene formation is presented as
the contribution of propene to the mass spectrometry response of m/z 41 expressed as a%. This was
calculated by subtracting the contribution of propane to m/z 41.
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3.3. In Situ X-ray Absorption Near Edge Structure (XANES)

In situ XANES measurements were conducted on the B18 beamline at the Diamond Light Source
(Harwell, UK). Measurements were performed in transmission using a QEXAFS setup with fast
scanning Si(311) monochromator at the Mo K edge. A Harrick X-ray transmission DRIFTS cell
mounted on to a Da Vinci arm, was used for the reactions, fitted with glassy carbon windows for
X-ray transmission and ZnSe windows for DRFITS measurements, details of the setup are reported
elsewhere [50]. The XANES spectra were collected with a time resolution of 60 s/spectrum. Ion chamber
detectors were used to determine intensities of the incident (I0) and transmitted (It) X-rays. In situ
XANES spectra were collected at 500 ◦C during the reaction cycle (ODP-DP-ODP), using the same
reaction protocol and mixture as noted above. The XANES data was processed using the IFEFFIT with
the with the Horae package (Athena and Artemis, Demeter 0.9.25, IFEFFIT 1.2.12) [51,52]. DRIFTS
spectra were simultaneously recorded, using an Agilent Carey 680 spectrometer with MCT detector,
but due to a faulty detector these data were repeated offline.

3.4. Characterization

Nitrogen absorption and desorption isotherms were collected at −196 ◦C on a Quantachrome
QUADRASORB evo instrument (model QDS-30), (Boynton Beach, FL, USA). The catalysts were
degassed at 150 ◦C for 12 h (using a Quantachrome FLOVAC Degasser equipment) and then the total
surface area of the catalysts was measured by the Brunauer–Emmett–Teller (BET) method.

Raman spectra were collected with 514 nm excitation using a Renishaw microscope. The spectra
were recorded with an acquisition time of 10 s for six accumulations.

DRIFTS experiments were performed using an Agilent Cary 680 FTIR series spectrometer, (Agilent
Technologies, Wokingham, UK) equipped with a Harrick Praying Mantis reaction cell. Spectra were
recorded by taking 64 scans with a resolution of 4 cm−1 using a liquid nitrogen cooled MCT detector.

INS spectra were collected using TOSCA and MAPS spectrometers [46] at the ISIS Neutron and
Muon Source. A large quantity (5–10 g) of catalyst is generally required to obtain an INS spectrum with
a reasonable signal-to-noise ratio. Thus, the sample was prepared separately using a laboratory scale
fixed bed reactor with similar reaction conditions that were used for activity tests on the micro-reactor
(see Activity test section). Small aliquots of these samples were used for the Raman and DRIFTS
measurements. The used catalysts, ≈8 g, were wrapped in aluminium foil and then loaded into thin
walled aluminium cans for INS measurements. The two spectrometers were complementary: TOSCA
provided high quality spectra in the 0–2000 cm−1 range, while MAPS enabled the C–H and O–H stretch
region to be measured.

4. Conclusions

A novel reaction cycle consisting of oxidative (ODP) and non-oxidative (DP) dehydrogenation
of propane followed by the second ODP is tested over MoOx/Al2O3. In situ XANES shows that the
reaction cycle leads to formation of active and selective MoxOy species for ODP as evident from
the increased propene formation which is 27% relatively higher in the second ODP run. Crucially,
the increased propene formation is achieved at a similar propane conversion of around 25%. The active
and selective MoxOy species are in a distorted structure with oxidation and coordination states lower
than 6 but higher than 4 and are formed at the expense of the initial tetrahedral [MoVIO4]2− moieties
which are present in the fresh catalyst (i.e., before the reaction cycle). The initial [MoVIO4]2− moieties
of the fresh catalyst are active for propane conversion but unselective for propene. In situ XANES also
show that during the DP run the [MoVIO4]2− species are reduced to MoIVO2 which are relatively less
active for propane conversion and less selective for propene. The resulting surface adsorbed species
accumulated on the catalyst at the end of the reaction cycle, after the catalyst activity was restored and
propene selectivity observed to improve, are in general, amorphous carbon deposits with a furnace
black-like structure and has interesting implications for the catalyst durability.
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