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Abstract
A set of vanadium phosphorous oxide (VPO) catalysts, mainly consisting of (VO)2P207, VO(POz)2 or VOPO4-2H>0 bulk crystalline phases, has
been investigated for the oxidative dehydrogenation (ODH) of ethane to ethylene, a key potential reaction for a sustainable industrial and
socioeconomic development. The catalytic performance on these VPO catalysts has been explained on the basis of the main crystalline phases
and the corresponding surface features found by XPS and LEISS at 400 °C, i.e. within the temperature range used for ODH reaction. The
catalysts based on (VO)2P.07 phase presented the highest catalytic activity and productivity to ethylene. Nevertheless, the catalysts consisting of
VO(PO3): structure showed higher selectivity to ethylene, reaching 90% selectivity at ca. 10% ethane conversion. To the best of our knowledge,
this is the highest selectivity reported on a vanadium phosphorous oxide at similar conversions for the ethane ODH. In general, catalysts
consisting of crystalline phases with vanadium present as V**, i.e. (VO).P.07 and VO(POs), were found to be significantly more selective to
ethylene than those containing V°* phases. The surface analysis by XPS showed an inverse correlation between the mean oxidation state of
vanadium near surface and the selectivity to ethylene. The lower averaged oxidation states of vanadium appear to be favoured by the presence of
V3* species near the surface, which was only found in the catalysts containing V#* phases. Among those catalysts the one based on VO(POs3).
phase shows the highest selectivity, which could be related to the most isolated scenario of V species (the lowest V content relative to P) found at

the outermost surface by low energy ion scattering spectroscopy (LEISS), a “true” surface technique only sensitive to the outermost atomic layer.
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Introduction

Ethylene is considered a very important building block in the petrochemical industry. Additionally, in the foreseeable future an increase in both
worldwide ethylene production and demand is expected, although with a highly uneven geographic distribution. China and other Asian countries
currently dominate both supply and demand. An increase in ethylene production is predicted in the US due to the low cost of ethane supplies
from shale gas, whereas Western European countries show a slowing ethylene production.

The current low cost of ethane in the US is providing the basis for an increased investment in large-scale steam cracker projects, whereas in
China new research is being conducted to develop coal-based technologies to obtain ethylene. However, both the conventional steam cracking
and the possible coal-based technologies are not considered to be environmentally friendly processes. Coal is the most polluting among the fossil
resources, whereas steam-cracking is one of the highest energy consuming industrial processes, and has practical problems, such as a tendency
toward coke formation, which results in low selectivity towards olefins [1,2,3].

In view of this situation, oxidative dehydrogenation (ODH) of ethane is becoming increasingly popular as an alternative to steam cracking, since
it can prevent some of the issues associated with that inefficient process. ODH is an exothermic reaction and coke is not formed as the catalyst is

regenerated in-situ by co-fed oxygen [4-7]. At present, the most promising catalytic systems for ODH of ethane are based on MoV TeNb oxides



[8-12] and promoted NiO [13-19]. Nevertheless, further research is needed in order to set the foundation for developing optimized industrial
processes based on ODH technology.

Catalysts based on vanadium and phosphorus oxides (VPO) have also been studied for ODH of ethane, but to a lesser extent. V-P-O catalysts are
the commercial catalysts for the selective oxidation of n-butane to maleic anhydride [20-22], the first heterogeneously catalyzed process based on
alkane selective oxidation commercialized on a large-scale. Although the first work and patents date back to the 70’s [23,24,25] there are still
some uncertainties among researchers with respect to the performance of VPO catalysts for this process. Nevertheless there are also some general
agreement [21,26,27,28]. Thus, it seems clear that (VO)2P.0O7 must be the main crystalline phase of the catalysts and the optimal catalyst must
present an enrichment of phosphorus (P/V > 1 at. ratio). Moreover, the oxidation state of vanadium must be close to +4 (between 4 and 4.1),
although the presence of V°* species in low concentrations can also play an important role. The hydrogen abstraction (activation of n-butane)
seems to be the rate determining step, taking place on V-species. One of the characteristics that differentiate VPO catalysts from other catalytic
systems is their complex activation, as the surface shows highly dynamic behaviour. In fact the variations in conversion and selectivity to maleic
anhydride can change remarkably by slightly modifying the feed composition, flow and/or the activation treatment [29,30,31]. Overall, this
commercial process has evolved for the past 4 decades from the first patent published by researchers of Monsanto in 1974 [25] with yields to

maleic anhydride not exceeding 30%, to current values higher than 65% claimed by researchers from Lonza [32].



Although industrial catalysts contain (VO)2P207 as the main crystalline phase, some other V-P-O phases have also been shown to be capable of
activating n-butane to yield maleic anhydride, e.g. the VO(PO3)2 phase [33].

Regarding the use of VPO catalysts in ODH of ethane, just a few relevant studies appear in the literature. Nevertheless, further research on VPO
based catalysts is encouraged by the fact that they have already been established for an oxidative industrial process, the selective oxidation of n-
butane to maleic anhydride Loukah et al. [34] showed that vanadyl pyrophosphate was reasonably selective to ethylene, but at low ethane
conversions. The incorporation of some additives with large ionic radii have been reported to distort the structure of vanadyl pyrophosphate,
increasing the catalytic activity [35,36]. The addition of dopants such as Zr** and Bi**, for example, have resulted in enhanced catalytic activity
while maintaining the same selectivity to ethylene as found for the unpromoted VPO catalyst. This behaviour was explained by the enhanced
surface area and to a lower O(1s) binding energy [37,38]. However, if La was added the selectivity and the catalytic activity dropped, due to the
formation of VOPOs, which showed a much poorer catalytic performance than the (VO)2P207 phase. In other work, the addition of promoters to
VPO led to a higher overall rate of the reaction, but the selectivity to ethylene had a complex trend [39].

Zazhigalov et al. [40] tested VPO catalysts supported on different oxides, such as TiO, and high surface areas silica by a mechano-chemical
treatment, and no differences were observed in the ethane ODH compared to the classical bulk VPO catalysts. The advantage of a supported

catalyst was claimed to be a lower consumption of organic acids during the preparation procedure. Similarly Lisi et al. [41, 42] prepared VPO



supported on TiO, Al203 and SiOg; in this case an increased ethylene formation was observed, mainly related to a higher catalytic activity of the
supported catalysts (especially on TiO2) compared to the bulk catalyst. The enhanced performance was explained on the basis of a uniform
dispersion of the active phase on the support, which leads to a higher surface area and enhanced reducibility. Recently, VPO catalysts supported
on mesoporous materials based on an aerosil gel have demonstrated high yields to ethylene, higher than those obtained with supported samples
synthesized by conventional methods [43].

In summary, relatively few studies on the oxidation of ethane using VPO catalysts have been published, and most of them have been limited to
the use of catalysts consisting of a (VO)2P.0O7 phase prepared from a VOHPO4-0.5H.O precursor. Moreover, in most cases the surface
characterization of the active materials, so important to understand the catalytic processes, has been limited to X-ray photoelectron spectroscopy
(XPS), which, although providing average information from a few layers in the surface region of the catalyst, is not a “true” surface technique.
Accordingly, in the present paper, the study of undoped VPO catalysts based on the (VO)2P207 phase for the ODH of ethane is further extended
to other crystalline structures, such as VOPO4-2H,0O and VO(POzs).. The effect of different activation conditions for all the VPO structures, as
well as the use of different precursors in some cases, is also studied. Moreover, the surface of the set of VPO catalysts has been systematically
investigated at 400°C by low energy ion scattering (LEISS) in addition to XPS, the former a characterization technique, which is sensitive only to

the chemical composition of the outermost atomic layer. Comparison of the information obtained from both surface techniques has helped to



obtain a more complete and detailed picture of the catalysts surface at reaction temperature. This has enabled correlations to be made between the

surface composition, the bulk structure and the catalytic performance of these materials for ODH of ethane.

Experimental

Preparation of the V-P-O precursors

The preparation of the VOHPO4-0.5H20 precursor was conducted as follows: V.05 and 85% H3POs, with a V:P atomic ratio of 1:1, was
refluxed (at 120 °C) in isobutanol (250 ml) for 16 hours. Filtration was used to recover the solid formed which was washed in isobutanol (200
ml) and ethanol (250 ml). The resultant material was then refluxed at 100 °C in distilled water for 3 h and filtered whilst hot. The final solid was
dried in air at 120 °C for 16 h.

The VOPO4-2H20 precursor was prepared by refluxing (at 120 °C) V20s and 85% HzPOs, with a V:P atomic ratio of 1:1.2, in water (24 ml) for 8

hours. The solid was then recovered by hot filtration, washed with distilled water and dried in air at 110 °C for 16 h.



The preparation of the VO(H2POa4)2 precursor was conducted as follows: V205 and 85% HsPO4, with an excess of phosphorus (V:P atomic ratio
of 1:10), were refluxed at 180 °C for 1 hour. Evaporation was used to recover the precipitate which was then washed with acetone and water to

recover the excess H3POs. The final solid was dried in air at 110°C for 16 h.

Preparation of the V-P-O catalysts

The catalyst named as VP1 (mainly consisting of (VO)2P.0O7 phase) was prepared from VOHPO4-0.5H,0 precursor. This precursor was heat-
treated at 550 °C for 3 h under a flow of 50 ml min*! gas mixture of ethane/oxygen/helium with a molar ratio of 2/19/79.

The catalyst named as VP1H (mainly consisting of (VO)2P.07; phase) was also prepared from a VOHPO4-0.5H20O precursor, in this case
activated in a He atmosphere (50 ml/min) at 550°C for 3 h. VP1H was prepared as a variation of the VP1 sample to determine the influence of
different activation conditions (reactive or inert atmosphere) on the same precursor, leading to the formation of a similar main bulk crystalline
(VO)2P207 structure.

The catalyst named as VP2 (mainly consisting of VOPO4-2H,0 phase) was prepared through the activation of the VOHPO4-0.5H,0 precursor in

static air at 550 °C for 3 h.
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The VP3 catalyst was obtained from a VOPO4-2H,0 precursor, which after activation at 550 °C for 3 h in a 50 ml min? stream of
ethane/oxygen/helium (2/19/79 molar ratio), led to a bulk VOPQO4-2H,0O structure similar to the precursor. VP3 catalyst was prepared as a
variation of the VP2 sample to determine the influence of using a different precursor to get a similar VOPQOj4-2H-0 stabilized phase.

The catalyst named as VP4 (mainly consisting of VO(POs). phase) was prepared by the activation of VO(H2POa). precursor in 50 ml min™ of a
mixture of ethane/oxygen/helium (2/19/79, molar ratio) at 550°C (for 3 h).

Finally, the catalyst named as VP4H (mainly consisting of a VO(POz). phase) was obtained from the VO(H2POa)2 precursor (the same used to
prepare the catalyst \VP4), which in this case was activated in a He stream (50 ml min) at 550°C for 3 h. VP4H catalyst was prepared as a
variation of the VP4 sample to determine the influence of different activation conditions (reactive or inert atmosphere) on the same VO(H2POs4)

precursor leading to the formation of a similar main bulk crystalline VO(PO3)> structure.

Characterization techniques

Surface area was calculated from nitrogen adsorption-desorption isotherms (-196 °C) recorded on a Micromeritics ASAP-2020 automated
analyzer. Samples were degassed for 5 h at 80 °C and 10-6 Torr prior to analysis. Surface areas were estimated according to the Brunauer-

Emmett-Teller (BET) model.
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The particle size distribution has been determined by using a Malvern Mastersizer 2000 instrument equipped with a small volume sample
dispersion unit. Ethanol was the dispersion media used. Each sample was measured in triplicate, accumulating light scatter data for 10 seconds
(in each measurement as well as in the background). In order to favor the particle dispersion, samples were sonicated for 2 minutes at 15 watts in
successive treatments until stabilization of the particle size distribution.

Powder X-ray diffraction employing a Bruker D8 Advance Series 2 diffractometer with a CuK,, source operated at 40 kV and 40 mA was used to
identify the crystalline phases present in the powder catalysts.

Diffuse reflectance UV—-Vis spectra were collected on a UV-2600 Shimadzu equipped with a “Praying Mantis” attachment from Harrick. The
sample cell was equipped with a heater unit, a thermocouple and a gas flow system for in situ measurements. The samples were dehydrated in
situ, in dry air at 150°C for 30 min.

Raman spectra were recorded at room temperature using a 514 nm laser excitation on a Renishaw Raman Spectrometer (“in via’’) with a CCD
detector. The laser power employed was 25 mW and 20 acquisitions were taken for each spectrum. In all cases analyses on different positions of
the sample were recorded in order to check homogeneity (spectral resolution ~ 1um).

X-ray photoelectron spectroscopy (XPS) and low energy ion scattering spectroscopy (LEISS) data were acquired on the catalysts at 400 °C, using

a custom-made UHV instrument, at the Center for Functional Nanomaterials in Brookhaven National Laboratory (U.S.), equipped with a SPECS
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PHOIBOS 100 MCD spectrometer, and specially design for isothermal in situ studies employing both techniques on site. No thermal treatment in
O2 was carried out for any of our VPO samples, inside the UHV chamber, prior to the XPS or LEISS analyses.

XPS data were collected using non-monochromated Al Ka (hv= 1486.6 eV) X-ray radiation at 300 W (15 keV and 20 A). Spectra were acquired
with pass energy of 25 eV and energy step of 0.2 eV. The base pressure in the analysis chamber was kept below 5x10° mbar. XPS peak areas
were calculated by integrating individual components after subtracting a Shirley background. Spectrometer transmission function, cross section
and inelastic mean free path values from CasaXPS software were used for quantitative calculations.

The V(2ps2) core level was used to determine the differences in the vanadium oxidation state among the VPO catalysts measured at high
temperature (400 °C), near the temperature range used for the catalytic reaction. The binding energy scale was calibrated to 530.0 eV for the
O(1s) peak position as typically recommended for vanadium oxides [44-47] and especially for vanadium phosphorous oxides where the reference
of C(1s) binding energy values are not reliable due to the uncertain chemical state of carbonaceous residues that mostly originate from the
preparation involving organic solvent. The contribution of vanadium species in different oxidation states was estimated by curve fitting of the
V(2p3r2) XPS peak using Gausian-Lorentzian profiles after Shirley background subtraction.

The low-energy ion scattering (LEISS) analyses were also performed at 400 °C under UHV conditions, using He™ ions with primary energy in the

range of 1.0-1.5 keV. The angle of incidence of the He* beam with the sample surface was 45°, and the scattering angle was 135°. The ion
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current, measured on the sample surface, was kept constant in the range 0.4-0.6 nA. Powder samples were compacted by mechanical pressure
(0.5 Ton cm™ for 1 min) to produce self-supporting pellets and to remove the macroscopic roughness. The self-supported sample pellets (ca. 15
mg) were thin enough to allow charge neutralization through a grounded metal support/sample holder. lon scattering spectra were collected at
low ion fluxes, in order to minimize any sputtering effects that could change and/or damage the sample surface. Except for the VP1H sample, all
the samples showed clear and stable ion scattering signals from the very first scan, regardless of the presence of C in some of them. Unlike the
rest of the samples, the first scans for VP1H at room temperature, using He™ beam energies in the range of 1000-1500 eV, showed unstable
signals at scattered energies close to the primary beam energy, causing detector saturation. After two sweeps at 1000 and 1500 eV He* beam
energies, the catalyst surface was free enough from contaminants in order to show coherent LEISS spectra. A negligible sputtering effect on V
and P species was confirmed by consecutive ISS scans showing insignificant changes on the surface composition after each scan.

Only the P/V atomic ratios were calculated, multiplying the P/V integral intensity ratio by the relative sensibility factor between vanadium and
phosphorous LEISS signals. This factor has been determined as Fop) = 3.7 by Delichére et al. using the “Dual Isotope Surface Composition”
method which is based on the comparison of LEISS signals recorded with two different isotopes, 3He* and *He*. Since this method does not
involve any calibration using reference patterns, the value provided is independent of errors due to influence of roughness and wrong

assumptions of surface atomic densities of reference patterns.
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Catalytic studies

The oxidation of ethane was carried out at atmospheric pressure, in the 300 to 500 °C temperature range using a fixed bed quartz tubular reactor
(20 mm inner diameter, 400 mm length). The feed consisted of a mixture of CoHe/O2/He with molar ratios of 10/5/85. Several catalyst masses
(from 0.05 to 2.5 g) and total flows (from 20 to 150 ml min't) were employed in order to obtain different contact times and comparative iso-
conversion conditions among catalysts. Particulate catalyst samples (0.3 to 0.6 mm) were diluted with inert silicon carbide (0.6- to 1-mm particle
size) in order to keep a constant volume for the catalytic bed. In order to achieve an even distribution of the active material and the diluent, the
amount of catalyst loaded was divided into 4 portions and the same was done with the SiC. One portion of SiC was mixed with one portion of
catalyst and the mixture was then added to the reactor. The same procedure was repeated for the remaining 3 portions. Prior to the first analysis,
the catalyst was left stabilizing under the reaction conditions for 30 min.

Reactants and products were analysed by on-line gas chromatography using two packed columns: i) Molecular sieve 5A (2.5 m), and ii) Porapak
Q (3 m). Blank reaction experiments with no catalyst in the reactor tube showed no conversion at a reaction temperature of 500 °C. In all cases

carbon balances were 100 + 4%, irrespective of the catalyst type and mass used.
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Each data point for catalyst performance was determined by averaging two different analyses of reactants and products (ca. 15 min each). The
differences were minor and indicated steady state was achieved. Additionally, the VVP1 catalyst was selected to study catalytic performance with
time on line for 5 h, maintaining the same reaction conditions, in order to check the catalytic stability of one representative VPO sample. No

appreciable differences in either conversion or selectivity to ethylene were observed over this time period.

Results and Discussion

General characterization

Table 1 lists the precursors and the activation conditions used to prepare the VPO catalysts, as well as the main characteristics of the
corresponding activated solids obtained, such as the major crystalline phases detected by XRD and the BET surface areas. The XRD patterns of
the precursors employed, as well as those of the activated catalysts, are shown in Figures 1 and 2, respectively. Catalysts VP1 and VP1H,
prepared from the same precursor but with different activation conditions (Table 1), present the same major (VO)2P207 phase and similar specific
surface areas of 9 and 15 m? g%, respectively. Catalysts VP2 and VVP3 show similar diffraction patterns typical of the VOPOQ4.2H,0 phase, despite
the fact that they have been prepared using different precursors (Table 1). Nevertheless, a difference of crystallinity can be observed comparing

both XRD results (Figure 2), as VP2 shows a pattern indicative of a less crystalline structure. According to this, VP2 presents a specific surface
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area, 2.8 m? g1, which is significantly higher than that of 0.4 m?/g observed for the VP3 sample (Table 1). Similarly, VP4 and VP4H catalysts,
which mainly consist of VO(PO3) structure as indicated by their XRD patterns, also present very low specific surface areas which do not exceed
1-2 m?/g, according to previous reports [48].

All the V-P-O samples present very low surface area. In fact, there is only significant adsorption at partial pressures near P/Po = 1. This indicates
that the material is not porous (as expected), and the surface area measured by the N> adsorption technique corresponds only to the surface of the
grains of the different catalysts. We want to note that in the adsorption measurements of No, it is necessary to take into account the way the
sample has been prepared. As it is degassed under vacuum and heated (high vacuum and 80° C), it cannot be ruled out that some water molecules
weakly bound to the material are eliminated. This could affect mainly the samples with VOPO4.2H>0. It is possible that by removing water the
VOPO4 layers are stacked, with the consequent increase of the particle size and a decrease of the BET area (0.4 and 2.8 m?/g). The Adsorption—
desorption isotherms of VP1H and VVP4H are shown in Supporting Information (Figure S1). It must be noted that the determination of the surface
area through the BET method presents some inaccuracy for these materials with low area.

As the material is not porous and the surface area must correspond only to the surfaces of the grains, the particle size distribution of
representative catalysts (VP1H and VP4H) has been studied by using a Malvern Mastersizer 2000 instrument equipped with a small volume

sample dispersion unit (see more details in Experimental section).
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The particle distribution of the pyrophosphate VP1H sample (largest BET area), is shown in Figure S2 (Supporting Information). Three different
curves are plotted: i) the catalyst suspended in ethanol, ii) the sample after a first sonication and iii) the sample after a second sonication
treatment. After the second sonication a stable distribution could be observed. There are maxima around 0.7, 10 and 100 microns, although the
distribution is broad (there are particles larger than 100-200 microns and others smaller than 1 micron).

In Figure S3 (Supporting Information) the particle size distributions of representative V-P-O catalysts, which have been stabilized are compared.
The sample VP4H, consisting of VO(POs): structure with low surface area (1.9 m?/g), presents three particle size populations at similar values to
that of the VP1H sample, i.e. at 0.7, 10 and 90 microns. In this case there is a higher proportion of grains at ca. 100 microns. However, and in
agreement with the highest surface area, in the VP1H catalyst (15.6 m?/g) the maximum appears at 7-8 microns.

It must be pointed out that two of the synthesized precursors, VOHPO4-0.5H20 and VO(H2POs)., were activated in helium (leading to VP1H and
VP4H samples respectively), or in a mixture of ethane/oxygen/helium, (leading to VP1 and VP4 samples respectively). Apart from the different
crystallinity observed in the XRD patterns (Figure 2), the main phase obtained in each case was only dependent on the precursor regardless of the
activation conditions. Thus, the VOHPQO4-0.5H20 precursor leads to formation of (VO)2P.07 (VP1 and VP1H), while the VO(H2PQO4). precursor

leads to VO(POs)2 (VP4 and VP4H).
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The activated catalysts were also analyzed by DR-UV-Vis. (Figure 3). Despite the complexity of the spectra obtained, as they consist of several
broad and overlapping bands, complementary information can be extracted from them. Thus, a strong band at 200-250 nm (associated with a
charge transfer transition from O?* to V#*) and a weak band at 600-650 nm, both found in VP1, VP1H, VP4 and VP4H samples, indicate the
presence of V** species [49-54] which is in agreement with the expected vanadium oxidation state of (VO).P.O7 (in VP1 and VP1H catalysts)
and VO(POz). (in VP4 and VP4H catalysts). However, while the band at 600-650 nm is more specific to V**, and therefore barely observed in the
samples with a major V°*-containing VPO structure (VP2 and VP3 catalysts), absorption at 200-250 nm has also been related to isolated V°*
species in tetrahedral coordination. Moreover, a band at ca. 300 nm has been reported to be due to polymeric \V°* in tetrahedral coordination [49-
54]. Accordingly, absorption within the region 200-300 nm is clearly present in the VP2 and VP3 catalysts spectra as well, both samples
consisting of a V°*-containing bulk phase (VOPO4.2H20). With respect to the latter phase, the structure of which mainly consists of hexa-
coordinated V°* species, an absorption band at 400-450 nm has been reported to be related to those V°* species [49-54]. This is also observed in
VP2 and VP3 spectra, although with a strong difference in the relative intensity between both samples. Whilst VP3 presents an intense absorption
maximum centred at 400-450 nm, a shoulder is barely observed instead in the VP2 sample within the same range, showing a similar intensity to
that found for VP1 and VP1H samples mainly consisting of \V4*-containing structure. The lowest absorption at 400-450 nm is observed for VP4

and VP4H catalysts which accordingly are the only ones with no V°* species found near the surface by XPS, as will be discussed later in detail.
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The UV absorption at lower wavelengths within the 300-400 nm range observed for all samples is especially intense in VP2 and VP3 spectra,
where it is likely to be due to V°* species with different coordination and/or aggregation. In fact, the intensity of the UV/Vis absorption centred at
ca. 400 nm has been used to track the reduction (V°* into V#* or V3*) and the reverse oxidation during operando experiments with VPO catalysts
during selective oxidation of n-butane [54].

According to these results, it can be stated that although the valence and oxidation state of vanadium expected for the main VPO crystalline
phase are present in the activated catalysts, evidence of different vanadium environments and oxidation states are also found in all the samples
studied, confirming the presence of significant inhomogeneity as typically reported for VPO materials. With respect to the effect of using
different precursors and/or different activation conditions, comparison between DR-UV-Vis spectra of catalysts based on the same crystalline
phase obtained from the same precursor show slight differences regardless of the different activation conditions used. Thus, the spectra of
(VO)2P207 based catalysts (VP1 and VP1H) are almost identical (Figure 3), while just a small variation in the absorption intensity below 300 nm
is observed for the VO(PO3)2 based ones (VP4 and VP4H). The strongest differences are found instead in the DR-UV-Vis spectra of the VP2 and
VP3 catalysts both containing the VOPO4.2H,0 phase, although obtained using a different precursor.

Complementary, Raman spectra were collected for the most representative samples (Figure 4), in order to investigate the possible minority

presence of non ordered phases, invisible for the XRD, which could be catalytically important. A few spectra were collected for each sample at
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different locations, confirming a good homogeneity in all of them. Catalysts consisting of (VO)2P2.07 based catalysts (VP1 and VP1H) show
spectra with a high degree of disorder with broad peaks. These spectra show a main broad band centred at 928 cm?, which can be attributed to

asymmetric P-O-P stretches in the P2072~ unit of (VO)2P207. A shoulder centred at ca. 980 cm® has also been observed especially in the sample

activated in helium (VP1H). This signal could correspond to VOHPO4.0.5H,O impurity not yet transformed into vanadyl pyrophosphate.
However, the presence of some other VOPO4 phases (6 or cui) cannot be completely ruled out. A low intensity band has been observed at 1180
cm™* which can be related to the V-O-P stretches of (VO)2P,07 [55-58].

VP4 and VP4H catalysts present two main peaks at ca. 932 and ca. 967 cm™. The band at 967 cm™ is characteristic of the P-O stretch of
VO(POs), whereas that at 932 cm™ can be attributed to the P-O stretch of the VO(H2POa)2 precursor. Other low intensity bands at higher Raman
shifts over 1100 cm™ are observed. Bands between 1210 and 1260 cm™ are assigned to VO(POs), whereas that at 1146 cm™ corresponds to the
VO(H2PO4)2 phase [55]. According to these results it seems that the complete transformation from VO(H2PO4)2 to VO(PO3)2 has not taken place.
These two phases present structural similarities and the shift from 932 to 967 cm™ is due to the formation of (POs)a chains in the VO(POs3), phase
[55]. The bands at 932 cm™ and 1146 cm™ present higher relative intensity in VP4 than in VP4H, which indicates that the VO(H2POu), has

developed to a higher extent into VO(PO3). when heat treated in hydrogen (VP4H) than when activated in ethane/air (VP4).
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Oxidative dehydrogenation of ethane

The different VPO catalysts were tested for the oxidative dehydrogenation of ethane. Ethylene and carbon oxides were the only reaction products
observed in all cases (Table 2), and no traces of acetic acid or other oxygenated compounds were detected. Figure 5a shows the evolution of the
ethane conversion with the reaction temperature for the VPO catalysts using the same contact times in all cases. As it can be observed, VP1 and
VP1H catalysts, both comprising the (VO).P.O7 phase, provide a similar high catalytic activity, whereas ethane conversion is low for VP4 and
VP4H catalysts, which are based on the VO(POs). structure. For the VP3 sample, which consists of a VOPO4.2H>0 bulk phase, the ethane
conversion is scarcely detectable, even at the highest reaction temperatures employed. Surprisingly, VP2 is remarkably more active than VP3
although both catalysts present the same major crystalline phase, VOPO4-2H>0. However, it has to be noted that a significantly higher surface
area was measured for VP2 compared to VP3 (Table 1).

If the surface area of the catalysts is taken into account to determine the catalytic activity the behaviour observed is different (Figure 5b). Most of
the catalysts show a similar trend; only the VP3 sample shows an areal rate considerably lower than the average of the other catalysts.

Figure 6 shows the variation of the selectivity to ethylene as a function of ethane conversion on the different VPO catalysts under isothermal
conditions (500°C), using the same ethane/oxygen/helium feed ratio, but different contact times (changing either catalyst mass or total feed flow).

The most selective catalysts are VP4 and VP4H, containing VO(POs3)2 as the major phase, with both showing a selectivity to ethylene close to
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90% at 10% ethane conversion. This selectivity is much higher than that of 65-75% obtained at similar conversions with the VP1 and VP1H
catalysts, which are based on a conventional (VO).P.O7 phase. It has to be mentioned that the catalytic performance observed for VP1 and VP1H
is similar to that previously reported in the literature for ethane ODH with conventional VO2P207 based catalysts [34-43]. The higher selectivity
to ethylene obtained with samples containing VO(POz3). compared to those containing (VO)2P207 is not evident at conversions close to zero, as
all these catalysts present an initial selectivity very close to 100%. However, as the ethane conversion increases, the ethylene formed is
significantly more reactive over the catalysts based on (VO).P.0O7 than with those based on VO(PO3s)., thus lowering the selectivity of the former
ones. It must be indicated that although the catalysts containing the VO(POz3). phase appear as the most selective to ethylene, the catalytic
activity is low, and so is the ethylene productivity per mass unit of catalyst. In fact, contact times 15 times higher than with (VO).P.O- based
catalysts must be used to achieve similar conversions (Table 2).

On the other hand, the VP2 and VP3 catalysts based on the VOPQO4-2H>0 phase were remarkably less selective to ethylene than those containing
VO2P,07 or VO(PO3)2 structures (Figure 6). For both VP2 and VVP3 catalysts initial selectivity to ethylene below 90 % was observed. In the case
of VP2, the selectivity to ethylene drastically decreases as increasing the ethane conversion, and just 30% selectivity to ethylene is obtained at ca.
12% ethane conversion. Due to the lower catalytic activity of VP3, for which conversions higher than 2% were not achievable even for long

contact times, it was not possible to obtain further selectivity data.
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At this point it should be mentioned that unlike the significant differences observed in the catalytic behaviour of VOPO4-2H>0 based catalysts
(VP2 and VP3), which were obtained from both different precursor and activation conditions, only slight differences were found between the rest
of the VPO catalysts comparing samples containing the same major phase, but obtained from different activation conditions from the same
precursor. Thus, for the VP1 and VP1H samples containing VO2P207, the activation of the corresponding precursor in helium leads to a slightly
more active catalyst (VP1H) than activation in a CoHe/O2/He mixture (VP1), while the opposite was observed in terms of selectivity to ethylene.
Likewise, even smaller differences in terms of both catalytic activity and selectivity to ethylene were found comparing VP4 and VP4H catalysts,

whose primary VO(POz3). phase is formed from the same activated precursor, similarly to the VP1-series, either in a C2He/O2/He mixture or He.

Surface characterization

VPO catalysts, especially those with a (VO).P.O7 bulk phase, have been typically reported to show dynamic surfaces with a structure different
from the bulk [59]. In order to investigate these differences, the chemical composition and electronic structure near the surface (averaged up to
~50 A depth) at 400 °C have been probed by X-ray photoelectron spectroscopy (XPS) on the most representative VPO catalysts prepared in this

study, i.e. VP1H, VP2, VP3 and VP4H. In addition, the same catalysts were also analyzed at 400 °C by low energy ion scattering spectroscopy
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(LEISS) to obtain information about the chemical composition of the outermost atomic layer, which is directly involved in the catalytic processes
taking place at the solid-gas interface.

XPS results indicate that the phosphorus/vanadium atomic ratios for VP1H, VP2 and VP3 catalysts are higher (P/V between 1.3-2.0) than those
corresponding to the stoichiometry of the respective bulk phases (P/V of 1.0), i.e. (VO)2P207 for VP1H or VOPO4-2H>0 for VP2 and VP3 (Table
3). Nevertheless, the values are within the range typically reported for this class of materials [33,60], for which an elevated P/V ratio is usually
explained by a higher amount of surface terminal (pyro)phosphate groups [61-63]. Conversely, the VP4H catalyst shows a significantly higher
P/V ratio of >4 (Table 3), which is in agreement with the surface P/V ratio (4.0) found in the literature for the VO(PO3). phase [63-65]. The
metaphosphate VO(POz). phase has been reported to be formed upon thermal pre-treatment of a VO(H2PO4). precursor [63-66], which is indeed
the precursor phase used in the VP4H sample prior to the activation treatment at high temperature (Table 1). The fact that the near surface
vanadium/oxygen ratio observed by XPS for the VP4H catalyst (V/O of 0.06-0.07) is lower than that for the rest of the catalysts (V/O between
0.10-0.15), while phosphorus/oxygen ratios remain constant (P/O ~ 0.25) for all of them, indicates that the higher P/V ratio observed for VP4H is
due to vanadium depletion near the surface rather than an excess of phosphorus (Table 3). This is in agreement with the model proposed by
Delichere et al., who argued that the high experimental P/V ratios are the result of vanadium vacancies in the amorphous surface layers of VPO

catalysts [63,66]. The surface oxygen content determined by XPS (Table 3), is slightly higher (66 %) in the VP3 catalyst compared to the rest of
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the catalysts (55-57 %), which is in agreement with the highest oxidation state of vanadium found at the near surface of VP3 (Table 4), as will be
discussed more in detail later.

The highest near surface oxygen content for VP3 is also consistent with the lowest amount of carbon deposited on this catalyst, around 10 % at.,
compared to approximately double amount of carbon found on the rest of the catalysts (Table 4), all of them measured by XPS at 400°C in ultra-
high vacuum conditions. Usually a relatively high carbon content has been reported for vanadium phosphorous oxides measured at room
temperature [62,65-67]. The carbon accumulation on the surface of VPO catalysts has been typically related to a loss of oxygen or its restricted
availability from the lattice [68].

With respect to the near surface vanadium electronic structure, strong similarities were unexpectedly found between VP1H and VP2 catalysts,
which despite sharing the same precursor (VOHPO4-0.5H,0), present distinct bulk structures with different vanadium oxidation states, i.e. V4*
and V°* for VP1H and VP2, respectively. Thus, V(2ps;2) XPS spectra of both VP2 and VP1H catalysts can be fitted to three peaks with binding
energies of 516.7, 515.7 and 514.5 eV, which we assign to V°*, V4 and V3" species, respectively (Figure 7). With respect to V°>* and V** species,
they have been typically reported at slightly higher binding energies in VPO catalysts used for n-butane partial oxidation [66-71]. Nevertheless,
516.7 and 515.7 eV are within the typical values reported for V°* [67-72] and V** [44,72,73] oxides, respectively. A V(2psr2) binding energy of

516.7 eV also can be found in pure VV°* phosphorus oxides [67,74]. V3" species are not usually reported to be present in fresh VPO catalysts, but
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some studies make reference to them after partial vanadium reduction under reaction conditions [71]. Binding energies for either VV¥* phosphorus
oxides or pure V3* oxides are usually reported at values in the range 515.0-515.6 eV; higher than those observed at 514.5 eV here [44,71,72,75].
The shift to lower binding energy has been related to V3* bound to O-H, O-C or nitrogen [44,71,72,75].

The V* peak at 515.7 eV represents the main contribution of the total V/(2psr2) signal for both VP2 and VP1H catalysts, with 72 % and 43 %
respectively (Table 4). Contrary to the expectations, the V°* near surface content of the VP1H sample (consisting of a bulk V#* phase) is slightly
higher than that in VP2 (mainly containing a V°* amorphous phase), while the opposite occurs for the V4 content. However, the average
oxidation state of near surface vanadium is higher in the VP2 catalyst (+4.1) compared to the VP1H (+3.9), since the amount of V3*in the latter is
three times higher.

The accuracy of the curve fitting results and the assignment of oxidation states was confirmed by comparison with the average oxidation state of
vanadium calculated from the relation between the vanadium oxidation state and the splitting between O(1s) and V(2p3/2) transition centroids
(Table 4) [46]. The relationship was found by Coulston and coworkers in VPO materials, and it is described as:

Vox = 13.82 - 0.68 [O(15) - V(2pz12)]

This equation is known as the Coulston equation and it is typically used to calculate the average oxidation state of vanadium from XPS analyses

in VPO samples [46, 49, 66].
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The curve fitting of the V(2ps2) XPS peak at 400 °C for the VP3 catalyst (with a bulk phase consisting purely of V°*, VOPQ4-2H0) is consistent
with the presence of ca. 20 % of V°" and 80 % V** species with binding energies at 516.7 and 515.7 eV, respectively (Figure 7, Table 4).
Stoichiometric V°* phosphorus oxide phases such as an-VOPO4 should only contain V°*, however they are typically reported as containing both
V°* and V** surface species with binding energies at ca. 518.2 and 516.7 eV correspondingly [67,74]. The lower binding energy for V°* and V#*
species found here, compared to other work on VPO catalysts [66-70], is most likely related to vanadium being bound to oxygen-carbon. This is
in agreement with the significant amount of carbon detected on the surface of these catalysts (Table 3). In fact, both 518.2 and 516.7 eV
vanadium binding energies have been reported for an -VOPO4 and B’-VOPO. (V°*-containing phases) prepared with organic solvent [67].
However, only a peak with a binding energy of 518.2 eV is found for a B’-VOPOQO4 phase prepared in aqueous solution [67]. In our case, the
assignment of 516.7 eV to V°* and 515.7 to V** (as used already for VP2 and VP1H) gives rise to an average vanadium oxidation state of +4.2,
which is again consistent with that obtained from the difference between the O(1s) and V(2ps2) binding energies by applying the Coulston
equation [46,49-51,66] (Table 4). The VP3 catalyst is the only one with no V3" component from the XPS analysis and the highest average near
surface vanadium oxidation state, which is in agreement with the highest near surface oxygen content in comparison to the other VPO catalysts

(Table 3).
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Finally, the V/(2pss2) core level spectrum of the VP4H catalyst (Figure 7, Table 4) mainly consists of V4* species (84 %) with a minor contribution
of V3* bound to O-C or O-H [44,71,72,75], and is the only one showing no V®* component. This result is consistent with the V4* phosphorus
oxide forming the bulk of this sample, i.e. the VO(PO3). phase. This is consistent with the DR-UV-Vis spectrum of the VP4H catalyst showing

the highest intensity for V** related bands, while the lowest absorption in the V>* region (Figure 3).

LEISS analyses were performed on the same VPO catalysts investigated by XPS in order to probe the relative composition of the outermost
atomic layer (Figure 8) and compare the results with the average chemical composition in the near surface region. The VP2 catalyst, activated in
air at 550 °C and consisting of an amorphous V>*-containing bulk phase (VOPO4-2H;0), shows a LEISS spectrum with clear and stable ion
scattering signals corresponding to O, V and P from the very first scan at 400 °C (Figure 8, b). Data were collected under steady state conditions
(i.e., no desorption from the catalyst, with background pressure in the 10 mbar range). Vanadium and oxygen are the main peaks with a \V/O
signal intensity ratio of ca. 1, while that of P/O is about 2-3 times lower (Table 5). Moreover, the phosphorous peak has a broad shape and a long
low-energy tail consistent with a signal controlled by re-ionization of the primary He" ions. This is most likely coming from slight penetration
into the outermost exposed surface of the rough solid, suggesting a location of phosphorous species at 2-3 layers thick surface dimple defects

[76]. A less intense but qualitatively analogous LEISS spectrum is found for the catalyst VP3 (Figure 8, c), which is in agreement with a similar
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VOPO4-2H0 crystalline phase detected. Thus, V/O intensity ratio in VP3 is also close to 1, although the P content in the outermost layer (P/O
intensity ratio of 0.15) is half of that found on the VP2 catalyst (Table 5).

LEISS spectra of the VOPO4-2H>0 phase in VP2 and VP3 samples resemble those typically reported for equilibrated VPO catalysts consisting of
(VO)2P207, although the latter ones usually show an oxygen signal significantly higher compared to V or P, with lower V/O intensity ratios
[66,69,77]. The V/O ratios, reported for (VO)2P-O7, only reached a value close to 1 after a significant number of scattering cycles gradually
sputtering the surface [66]. At this point it has to be mentioned that, to the best of our knowledge, no LEISS spectra of a VOPO4-2H,0 phase
have been reported so far, and those here presented (i.e. VP2 and VP3 samples) were collected at 400 °C on a fresh sample with no previous
sputtering cycle.

Unexpectedly, the VP1H catalyst, which does consist of a (VO)2P.07 bulk structure, shows a LEISS spectrum at 400 °C consistent with an
outermost atomic layer mostly containing V atoms, with a meaningless P signal (Figure 8, a). This LEISS spectrum is completely different to
those previously reported for conventional (VO)2P2.07 phases at room temperature [48,50,58], and also different to the rest of the VPO samples
studied here at 400 °C. Unlike the VP2 and VP3 catalysts, first LEISS analyses of VP1H, using He™ beam energies in the range of 1000-1500 eV,
provided unstable signals at scattered energies close to the primary beam energy (not shown), causing detector saturation and incoherent spectra.

This was an indication of surface contamination (likely favoured by the activation step in He instead of oxidizing conditions), which makes
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charge neutralization difficult and causes a positive surface charging voltage that prevents He™ ions from reaching the sample. Instead, He™ ions
are reflected toward the detector at roughly the same primary kinetic energy [76]. After two sweeps at 1000 and 1500 eV He™ beam energies, the
catalyst surface became clean enough to show a coherent LEISS spectrum (Figure 8, a). However, inhomogeneous charging of the catalyst
surface is still present and most likely responsible for the significant shifting of the vanadium peak to a kinetic energy higher than the theoretical
value. The VP1H catalyst shows the highest vanadium content in the outermost surface, from among all VPO phases here studied at 400 °C
(Table 5). That is contrary to the trend observed near surface by XPS results at identical measurement conditions, where the second highest P/\V/
atomic ratio is obtained for the VP1H sample, with an amount of P twice the amount of V.

The VP4H catalyst consisting of a V** bulk phase, VO(POs)2, displays a LEISS spectrum (Figure 8, d) with a large amount of C. Similarly to the
VP1H, the VP4H catalyst was also activated in a He stream, which is consistent in both cases with a high surface contamination compared to the
VP2 and VP3 catalysts activated under oxidizing conditions. In order to confirm the peak assignment on the VP4H catalyst, LEISS was also
performed using 1500 eV He" ions (Figure 8, d”). At this higher primary energy, the ion yield and resolution for O, P, and V signals increased and
the kinetic energies, although still shifted, approached the theoretical values (which are He* primary energy dependant). In addition, the C peak
disappeared in the 1500 eV LEISS spectrum, showing instead an increased background below 400 eV (likely due to ionization and sputtering of

unstable C species weakly bond to the catalyst surface). The V/O intensity ratio in the LEISS spectrum of VP4H is the lowest compared to the
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rest of the catalysts, which leads to the highest P/V intensity ratio approaching to 1 (Table 5). That is qualitatively in agreement with the highest
P/V atomic ratio found in XPS for this sample (Table 3).

It is important to remind that, until now, only integral intensity ratios of LEISS signals have been discussed. Therefore, the comparison between
LEISS and XPS results so far has been only qualitative, and limited to the relative trend observed among the different VPO phases studied.
Quantification of relative atomic concentrations from the yield of scattered ions measured in LEISS, depends on elemental sensitivity factors.
Those factors are difficult to determine, mostly due to the not straightforward task for preparing reference patterns with well known structure of
the outermost atomic layer. As already mentioned with more detail in the experimental section, an alternative method, “Dual Isotope Surface
Composition”, which does not require of reference patterns, has been used by Delichére et al. to provide a sensitivity factor of 3.7 for the LEISS
signal of V relative to P [66]. By using that sensibility factor we have estimated the P/V atomic ratios on the outermost surface of our VPO
samples (Tabla 5), in order to compare them with those obtained from XPS. Thus, P/V atomic ratios from LEISS are lower than those from XPS
in all VPO samples, which indicates an enrichment of V in the outermost atomic layer compare to the near surface composition. This V-
enrichment is maximum in the case of VP1H sample based on (VO)2P20- phase, and contrary to what has been reported so far for VPO catalysts
containing the same phase [66, 69, 77]. In this sense, we have to consider that our (VO).P.07 based sample has been measured at 400 °C, while

most of the LEISS studies have been performed at room temperature. The “true” surface of VPO based materials, especially those containing
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(VO)2P207, has shown to be a quite dynamic system where the chemical composition is strongly and easily influenced by the temperature, and
the pressure and nature of the gas-phase in contact with the surface. As an example of this, P/V atomic ratios of 4 or 2.4 were obtained by LEISS
for a (VO)2P207 based sample at 200 or 500 °C, respectively, at a certain partial pressure of water [77]. There are also studies where P/V atomic
ratio from LEISS change from 2.0 to 3.9 for the same equilibrated (VO)2P.O7 sample cleaned (carbon removed with an oxidation treatment in O>
at 573K) or after being transported through air, respectively [69].

To the best of our knowledge, none of the LEISS P/V ratios reported have been measured under the same conditions (mainly temperature and
vacuum pressure) used in our work, despite the fact that none of the works providing LEISS P/V ratios used the same preparation conditions for
the (VO)2P207 based sample that we employed. To all this, it has to be added the differences in the pre-treatment of the sample before the LEISS
measurements. Some works, run some sputtering cycles, others make an oxidizing treatment at high temperature. Moreover, different ion currents
used during the LEISS measurements can modify the surface termination by contributing differently to the surface sputtering. In this sense, we
used an extremely low ion current within the 0.6-0.4 nA range, to avoid any sputtering and so modification of the pristine surface termination.
This ion current is much lower than that found in any of the papers using LEISS on VPO, where the lowest current found was 27 nA [77], and the
highest 50 nA [66]. Due to all aforementioned, comparison between P/V atomic ratios among different works has to be taken carefully and with

full knowledge of the facts.
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Relationship between VPO bulk phase, near and outermost surface features and the catalytic performance

The catalytic performance observed for the different VPO catalysts cannot be explained in terms of a single factor, but from a combination of
their bulk and surface features. In this sense, strong differences are found in the chemical composition and electronic structure of vanadium
between the bulk and the surface of these vanadophosphate catalysts, as well as in the composition of their outermost atomic layer, which
definitely do not extend further into the near surface region. Thus, the results obtained by LEISS, only sensitive to the outermost atomic layer,
show important differences compared to those obtained by XPS which, although a surface sensitive technique as well, offers average information
of up to ~5 nm deep into the solid for the kinetic energies used in our study. This fact reinforces that it is appropriate to investigate the outermost
surface of a catalyst in order to provide further understanding on the catalytic processes. In the case of the VO(PO3). phase (VP4H catalyst), the
relative amount of phosphorus on the surface, with respect to vanadium is the highest amongst the VPO phases studied, while the V/O ratio is the
lowest observed, either near surface by XPS or outermost atomic layer by LEISS. Considering that vanadium is mainly responsible for the
hydrocarbon activation, the low surface vanadium content may explain the low activity achieved on the VP4H catalyst consisting of a VO(PO3):
phase. Indeed, the metaphosphate VO(PO3). phase (contained in VP4H) has also been reported to show poor activity for partial n-butane

oxidation [33,60]. Nevertheless, the VO(PO3). phase shows the highest selectivity to ethylene for ethane oxidation, compared to the rest of the
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phases studied here. Thus, VP4H and VP4 catalysts containing a VO(PO3)2 phase have been the only ones reaching 100 % selectivity at initial
ethane conversion (Figure 5), which indicates an exclusive transformation of ethane into ethylene with absolutely no contribution of the reaction
pathways leading to carbon oxides formation from ethane, or ethylene decomposition, as shown in the reaction scheme (Figure 9A). In this sense,
the site isolation principle, reported for n-butane oxidation on VPO catalysts [21], could also be applied to explain the remarkably higher
selectivity to ethylene observed for the VO(PO3). phase, in which the surface vanadium active sites would be the most isolated, according to the
higher P/V atomic ratio by XPS, and higher P/V signal intensity ratio by LEISS, compared to the other VPO catalysts. Moreover, unlike the
others, this VO(POz3).-containing sample (catalyst VP4H) shows a high content of apparently stable carbonaceous species in the outermost
surface at 400 °C in UHV conditions (Fig. 7). It cannot be ruled out that the carbonaceous species still remain under reaction conditions blocking
highly active V sites leading to ethylene decomposition, and so contributing to the isolation of V sites less active and more selective to the olefin
formation.

In the case of the catalyst VP1H containing (VO)2P207 phase, the vanadium amount in the near surface is twice that for VP4H (Table 3). VP1H
shows the highest catalytic activity, although its near surface vanadium content is not higher than in other much less active catalysts, i.e. VP2 and
VP3. Nevertheless, the highest vanadium content in the outermost atomic layer of the catalyst VP1H, with phosphorus not even appearing in the

LEISS spectrum (Figure 8), would explain its higher catalytic activity. Although vanadium has been reported as the main active site for

35



hydrocarbon oxidation in VPO catalysts [34-43], this statement has to be made with caution since other parameters, may also play an important
role in addition to the amount of vanadium on the surface. In fact, the catalytic activity for ethane oxidation seems to be strongly related to the
surface area of the VV-P-O catalysts studied (Tables 1 and 2). However, this discussion is complicated as the surface areas of the VPO catalysts are
very low in all cases and the inaccuracy of the BET method, high in these cases.

On the other hand, the oxidation states of vanadium can also play an important role in both, the type of ethane activation (selectivity to the olefin
or to COx) and the ethylene decomposition. Figure 9a shows a proposed reaction scheme for ODH of ethane on VPO catalysts, where two
pathways leading to carbon oxides are proposed: i) directly from unselective ethane oxidation, and ii) as secondary products from overoxidation
of ethylene. In this sense, it is known that V°* strongly adsorbs negatively charged olefin-like intermediates, and these favour the unselective
oxidation of ethylene into CO and CO; [37]. Accordingly, our results indicate that the least selective catalysts are those consisting of a crystalline
phase (VOPO4-2H,0) with +5 oxidation state of vanadium, i.e. VP2 and VP3, whereas the most selective catalysts correspond to those
containing crystalline phases with an oxidation state of +4 for vanadium, i.e. VP1H and VP4H, with (VO)2P207 and VO(POs3), structures,
respectively. Indeed, it is observed that the lower selectivity to ethylene for the catalysts with VV>*-containing phase (VP2 and VP3 samples) is the
result of a higher decrease of the selectivity to ethylene with the ethane conversion, which indicates a higher extent of olefin decomposition into

carbon oxides, according to the reaction scheme of V-P-O catalysts for ethane oxidation displayed in Figure 9a. As it can be seen, the initial
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selectivity to ethylene (at conversions near zero) is for all VPO catalysts very high; however the decrease in selectivity with conversion is more
important for those catalysts with a \ oxidation state of +5.

Coherently, the catalyst VP4H, with the highest selectivity to ethylene, shows no V°* species in the near surface region under the measurement
conditions (Table 4), i.e. at 400°C in ultra-high vacuum. The existence of V°>* in the VP4H cannot be discounted under reaction conditions due to
a partial surface reoxidation with molecular oxygen from the reaction feed.

Unexpectedly, the amount of V°* found by XPS for the VP1H catalyst (23%), the next one below VP4H in selectivity to ethylene, is slightly
higher than that for the VP2 (17%) and VP3 (21%), which are catalysts more prone to ethylene decomposition. However, VP1H shows the
highest surface content of V3, which is three times lower in VP2, twice lower in VP4H, and is absent for VP3. Thus, although V** near surface
in VP2 and VP3 (containing V°* phase) is also unexpectedly higher than that for VP1H (containing V** phase), the mean vanadium oxidation
state of 4.1-4.2 in the former ones is above that for the VP1H (3.9-4.0). Indeed, the lowest value for the mean oxidation state of V (3.8-3.9) is
found in the catalyst VP4H hardly active for ethylene decomposition (Figure 9).

At this point it must be mentioned that V3* has been reported to be frequently present as defects in phases of VPO catalysts used for n-butane
selective oxidation [54,60,68]. The density of V3" defects, mostly generated during the thermal treatment of the precursor, depends on the amount

of organic residues retained in the precursor and the nature of the heat treatment carried out for the transformation of the precursor into the active
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catalyst [21]. Formation of V**, through V°* and/or V#* reduction, has also been described in VPO catalysts under reaction conditions of low
oxygen partial pressure during n-butane selective oxidation [21,58,64]. That reduction was found to be accompanied by a release of lattice
oxygen from the catalyst framework and the formation of surface carbon deposits. Indeed, the catalyst with the lowest amount of carbon near
surface (sample VP3) is the only one without V3* surface species (Table 4). It has to be noted that, regardless of the atmosphere of the activation
method used (He, air or ethane/air), our fresh catalysts were measured at 400°C in ultra-high vacuum conditions, i.e. a negligible oxygen pressure
where any organic residue on the sample would act as a reducer removing oxygen atoms from the catalyst framework. In that sense, the
formation of small VPO4 local domains (a V3 phase) cannot be ruled out in the catalysts where V3" has been detected by XPS, since the loss of
lattice oxygen has been reported as the first step in the epitaxial transformation of (VO).P.O7 to VPO4 [68]. Anyway, slight partial reduction or
oxidation of vanadium in VPO catalysts seems to have no significant effect on the long-range order of their crystalline domains, but rather local
changes on the surface of small crystalline or amorphous domains, which are not accessible by X-ray diffraction characterization [54].

Although the selectivity to ethylene in the ethane oxidation on VPO catalysts might be favoured by the absence of V°* species, our results
suggest that what actually determines the selectivity to ethylene, rather than the absolute content of V°* on the surface, is a suitable redox balance

of vanadium favoured by an adequate amount of V3* species, which seems to be strongly influenced by the nature of the bulk phase.
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These results obtained for ODH of ethane with respect to VV°* surface content are partly contrary to what has been reported in some occasions for
n-butane selective oxidation on VPO catalysts, where a defined amount of V°* near surface is essential in order to get the highest selectivity to
maleic anhydride [21]. In this sense, it is generally accepted that the selective oxidation of n-butane over (VO)2P20O7 proceeds via a redox cycle
between V4* and V°*, where n-butane reacts with the oxidized surface which transfer oxygen atoms, released from the catalyst framework, into
the reactant molecules [78]. This process is accompanied by a reduction of V°* to V** and, to a lesser extent, possibly even to the V3" state. The
catalyst vacancies formed are refilled by oxygen from the gas phase changing the oxidation state back to V°*, as it would correspond to a
catalytic cycle with a Mars-van-Krevelen mechanism [54]. The amount of active oxygen species corresponds to that of surface V°* [78].
Therefore, the isolated V°* surface sites are thought to be responsible for the activation of the n-butane and for the O-insertion.

Although the ODH of ethane also requires oxygen to form water from the dehydrogenation of the alkane, the reaction does not involve the
insertion of oxygen into the reactant molecule, unlike the selective oxidation of n-butane. In addition the reaction from n-butane requires seven
times higher the amount of oxygen according to the reactions stoichiometry. Hence a significantly different influence of V°* in the catalytic
performance of VPO catalysts should be expected between both reactions, as indeed has been observed.

On the other hand, the role of V3" has been reported to be controversial for the selective oxidation of n-butane over VPO catalysts. Although a

discrete number of V3* species in the near surface the (VO).P.Oy lattice, and the associated anionic vacancies, have been proposed to play a
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positive role on the catalytic activity, they have been found to be unfavorable for the selectivity to maleic anhydride [21,54,68]. On the contrary,
V3 surface sites appear essential for ODH of ethane in order to get the highest selectivity to ethylene and to avoid its decomposition due to
undesired further oxidation under high conversion conditions.

It makes sense that a redox couple between vanadium species with lower reduction potential, i.e. less oxidizing power as compared to the optimal
for n-butane oxidation, is needed to carry out the catalytic cycle for ethane oxidation through the consequent catalyst reduction, and catalyst re-
oxidation with molecular oxygen. In this sense, an exclusive V3*/V** couple appears to be the most appropriate, according to the highest ethylene
selectivity reached over the VP4H catalyst, with a V3*/V** ratio of 0.2 and no V°* species found near the surface (Table 4). Nevertheless, a higher
content of V3 surface species seems to partially compensate the presence V°*, in agreement with the high ethylene selectivity obtained for the
VP1H catalyst, with V**/V** and VV3*/V** ratios of ca. 0.5 and 0.8, respectively.

Finally, we have shown that the phosphorus enrichment of the VPO catalysts surface, widely reported in the literature, is limited to the near
surface at the measurement temperature here used (400 °C). Thus, an enrichment of vanadium takes place instead at the outermost atomic layer
for all VPO phases investigated here, with negligible amount of phosphorous observed at 400 °C for the sample VP1H consisting of the

(VO)2P.07 phase (Figure 8, a).
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Summarizing, among the V-P-O phases here studied for the oxydehydrogenation of ethane, some phases are more active, such as (VO)2P.07),
and other ones more selective to ethylene, such as VO(POg).. If the catalytic results obtained in the present work are compared to the most
relevant reported in the literature (Table 6) it can be observed that VPO catalysts present a poorer performance in terms of catalytic activity and
selectivity to ethylene than the catalysts of choice based on nickel oxide or MoV-bronzes. In Table 6 the specific activity per surface area is also
included, (VO)2P207 showing the highest areal rate. However, these data correspond to reaction temperatures higher than those used in the other
catalytic systems.

In order to improve the catalytic performance of the V-P-O catalysts we could follow two approaches: i) try to increase selectivity in the most
active catalysts or ii) increase the activity in the most selective catalysts. The preparation method of these catalysts has been shown as highly
determining and could be further optimized [79]. For example, we could use supported vanadyl phosphate VO(POs3). structures with increased
surface area. The activation conditions could also be modified, as it has been widely reported that activation drastically affects the catalyst
structure and consequently the catalytic performance of (VO)2P.0O7) [80,81]. A kinetic study could also be useful to probe the reaction pathways

and mechanism, this way permitting us to design more efficient catalysts.

Conclusions
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A set of V-P-O phases have been tested in the oxidative dehydrogenation of ethane and their surfaces characterized by XPS and LEISS. A strong
influence of the V content (relative to P), in the outermost surface, on the alkane conversion is confirmed by the highest and the lowest catalytic
activity obtained for the lowest and the highest P/V signal ratio from LEISS analysis, respectively. Nevertheless, the catalytic activity for all VPO
structures studied has shown a strong correlation with the specific surface area regardless of the VPO structure. Thus, the (VO).P207 based
catalysts, with the highest surface areas and true surface vanadium contents, turned out to be the most active ones.

Regarding the selectivity to ethylene, the highest value is reached using VO(PO3). based catalysts, which have proved to be the most selective
VPO catalysts reported so far for ethane oxidation at equivalent ethane conversion. The least selective catalysts have been those containing the
VOPO4-2H20 phase, while the ones consisting of (VO)2P.07 showed an intermediate selectivity to ethylene..

The highest selectivity to ethylene obtained with a VO(POs3). based catalysts can be related to the most isolated V surface sites (revealed by the
highest P/VV LEISS signal ratio) in the most reduced oxidation state (3.8-3.9 averaged value from XPS) both found at 400 °C under UHV
conditions, compared to the rest of catalysts. Unfortunately, VO(POs3). based catalysts show poor catalytic activity, leading to ethylene yields per
mass unit of catalyst significantly lower than conventional (VO)2P.07 based catalysts. However, taking into account the relative content of
vanadium atoms, considered as the active species, on the outermost surface of both VO(PO3). and (VO)2P.O7 containing catalysts, turnover

frequencies on the former would be ca. 20 times higher than on the latter ones. These promising results encourage further investigation in order
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to enhance the ethylene productivity on these systems, e.g. by employing supported VO(PO3)2 structures with increased surface area while
keeping the structural and physico-chemical features of either the bulk or the surface. Modification of the preparation procedures and activation
conditions of (VO)2P207 could also be studied to increase the selectivity to the olefin.

An interesting finding of the present study is the enrichment of vanadium observed on the outermost atomic layer of all the VPO catalysts at 400

°C, which contrasts with the frequently reported enrichment of phosphorus in the near surface as observed by XPS.
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Table 1. Characteristics of the V-P-O catalysts synthesized.

Catalyst Precursor Activation XRD phases  Sset (M?g?)
VP1 VOHPO4:0.5H20 2% ethane in air (VO)2P207 9.2
VP1H VOHPO4-0.5H20 Helium (VO)2P207 15.6
VP2 VOHPO4-0.5H20 Air VOPQO4-2H0 2.8
VP3 VOPOQO4-2H20 2% ethane in air  VOPO4-2H>0 0.4
VP4 VO(H2POy4)2 2% ethane in air VO(PO3)2 15
VP4H VO(H2PO4), Helium VO(PO3): 1.9
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Table 2. Oxidative dehydrogenation of ethane on V-P-O catalysts

Catalyst W/F Ethane (%) Selectivity (%)? Productivty Selectivity? at
geat h/molC2  Conversion® C:Hs  CO CO2 per mass*®  per surface area®° 2% conv 10% conv.
VP1 8.2 11.2 72.1 2.1 25.8 276 30.0 >08 73.0
VP1H 8.2 14.0 62.3 4.5 33.2 298 19.1 >98 69.0
VP2 41 10.4 325 2.0 65.5 23.8 8.5 75.5 35
VP3 164 1.8 77.2 0 22.8 2.37 5.9 775 n.a.
VP4 103 9.6 89.9 7.6 2.5 23.4 23.4 >98 89.5
VP4H 103 9.2 89.2 7.9 2.9 22.3 11.7 >98 88.0

3 Data obtained at 500°C, Co/O2/He = 10/5/85 (molar ratio) for conversions around 10%:; ® Formation rate of product, in Qetnylene/Kgcat.h; ¢ Ethylene
productivity per surface area, in 107 Gethylene M2cat N%; ¢ Selectivity to ethylene at 500°C for ethane conversions of 2 or 10% obtained modifying

the contact time to give the desired conversion but maintaining the reaction temperature and the C2/O./He ratio.
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Table 3. XPS surface composition of activated V-P-O catalysts measured at 400 °C

Catalyst VIO P/O P/V C (%) O (%)
VP1H 0.12 0.24 2.0 25.4 54.8
VP2 0.15 0.25 1.7 21.4 56.3
VP3 0.15 0.19 13 11.5 66.3

VP4H 0.07 0.28 4.2 19.8 57.0




Table 4. V2pz;» XPS binding energies for V-P-O catalysts measured at 400 °C.

Catalyst V (V) V (IV) V (111) V2 VP P (V)
BE (fwhm) % BE (fwhm) % BE (fwhm) % OX. state OX. State BE

VP1H 516.7 (2.0) 23 515.6 (2.0) 43 514.3 (2.0) 34 3.9 4.0 132.4

VP2 516.7 (1.5) 17 515.7 (1.9) 72 514.4 (1.6) 11 4.1 4.1 132.6

VP3 516.8 (1.8) 21 515.6 (2.3) 79 - - 4.2 4.1 132.2

VP4H - - 515.6 (2.1) 84 514.5 (1.8) 16 3.8 3.9 132.8

4 Average vanadium oxidation state calculated from vanadium species determined by the XPS curve-fitting analysis;

b) Average vanadium oxidation state calculated from the splitting between the O(1s) and V(2pss2) binding energies by the Coulston equation.
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Table 5. Signal intensity ratios for LEISS (using 1000 eV He*) of V-
P-O

catalysts measured at 400 °C.

Catalyst V/O P/O P/V @
VP1H 13.4 0.00 < 0.001 (0.004)
VP2 0.90 0.30 0.33 (1.22)
VP3 0.80 0.15 0.19 (0.70)
VP4H 0.34 0.29 0.85 (3.14)

% In brackets, calculated atomic ratios using relative sensibility factor from ref. [66].
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Table 6. Representative results reported in the literature for the oxidative

dehydrogenation of ethane.

Catalyst C2/Ozfinert T Selectivity? WI/F b Caconv.®  Yc2=¢  Areal rate®
molar ratio [°C 10% /g scm 1% 1%
conversion
MoVNb 9/6/85 350 64 - 58 38 -
MoV TeNb 30/30/40 400 96 3.2 84 80 4.1.10*
NiNbO 9.1/9.1/81.8 400 92 0.54 66 46 0.53.10*
NiNbO/AI20s  9.1/9.1/81.8 400 90 0.6 27 19 0.16.10*
NiwO 10/10/80 400 68 0.6 52 31 0.38.10*
Ni/TiO2 10/10/80 450 90 0.23 41 30 2.0.10%
VPOf 10/5/85 500 73 0.12 22 15 8.1.10%
VPO 10/5/85 500 89 1.51 10 9 1.8.10%

selectivity to ethylene at 10% conversion at the temperature indicated (different

contact times)

b pseudo-contact times (W/F) equivalent to the weight of catalyst (g) divided by the feed
gas flow rate at operating conditions (cm®s™)

¢ conversion of ethane at the temperature and W/F shown

d per pass yield of ethylene at the temperature and W/F shown

¢ areal rate in mmol ethane reacted per m2 and per s (mmol m2s?)
" corresponds to VP1 from the present article
9 corresponds to VP4 from the present article
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Figure 1. XRD patterns of VV-P-O precursors.
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Figure 2. XRD patterns of activated V-P-O catalysts.
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Figure 3. DR-UV-Vis. spectra of activated V-P-O catalysts.
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Figure 4. Raman spectra of activated V-P-O catalysts
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Figure 5. Evolution of the ethane conversion (A) and the areal rate (B) with the reaction
temperature. Reaction conditions as detailed in the text, with a fixed contact time of 8
geat h/ molCa. C2He/O2/He: 10/5/85 molar ratio.
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Figure 6. Variation of the selectivity to ethylene with the ethane conversion at a reaction
temperature of 500°C. Note: The C2He/O2/He: 10/5/85 molar ratio has been maintained
constant, but the contact time has been modified by changing either the catalyst weight
and/or the total flow with the aim of obtaining different ethane conversions. Remaining
reaction conditions as detailed in the text.
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Figure 7. Curve fitting analysis of XPS V(2ps/2) core level for V-P-O catalysts at 400
°C: a) VP1H, b) VP2, ¢) VP3, d) VP4H. Components calculated at 516.7 (green), 515.7
(orange) and 514.4 (blue); resultant envelop (red); original spectra (black).
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Figure 8. LEIS spectra collected for 1000 eV He* beam scattered from V-P-O catalysts
at 400 °C: a) VP1H, b) VP2, ¢) VP3, d) VP4H. Higher resolution LEIS spectra collected
on VP4H using 1500 eV He" is also included (d’) to confirm the peak assignment.
Dashed lines indicate the theoretical scattering energies for single elastic collision of
He* with the corresponding element at the experimental conditions described in the text.
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Figure 9. A) Reaction scheme of V-P-O catalysts in the oxidation of ethane; B)
Relationship between the selectivity to ethylene (at 500°C and 10% ethane conversion)
with the mean oxidation state of vanadium determined from XPS data by curve fitting
analysis (m) or by Coulston equation (e).
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