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MoVO, MoVTeO and MoVTeNbO mixed oxides, prepared hydrothermally and heat-treated in Ny at 400, 500 or
600 °C, are active and selective catalysts in the oxidative dehydrogenation (ODH) of ethane, although their
catalytic behaviour strongly depends on the composition and the activation temperature of the material. Thus,
the selectivity to ethylene over samples heat-treated at 400 or 600 °C, decreases according to the following trend:
MoVTeNb-600 > MoV-400 > MoVTe-600 > MoVTe-400 > MoVTeNb-400 >> MoV-600 (with catalysts heat-
treated at 500 °C presenting an intermediate performance). This catalytic performance can be explained to a
high extent by the presence of the M1 phase in the best catalysts. Interestingly, the temperature of formation and
decomposition of the M1 phase strongly depends on the chemical composition of the catalysts, leading to
different trends depending on the heat-treatment temperature. Not only the presence of the M1 phase determines
the catalytic performance but also the V#*/V°" ratio in the surface of catalysts. Additionally, a comprehensive
brand-new electrochemical characterization of the catalysts has been carried out for MoV-based samples with M1
phase. Accordingly, the best catalytic behaviour in terms of selectivity to ethylene in the ethane ODH was
observed in those materials presenting higher charge-transfer resistances at the interfacial active parts and n-type
semiconductivity with few O-vacancies. Besides, lower current densities obtained in cyclic voltammetries

(related to low electrochemical activity) has been associated with higher selectivity in the ODH reaction.

1. Introduction

The oxidative dehydrogenation of ethane (ODHE) is an exothermic
process that can operate at relatively low temperatures (300-400 °C) in
which catalyst deactivation by coke is minimized due to its in-situ
regeneration by the molecular oxygen fed to the reactor [1-6].
Furthermore, this process requires fewer separation units than steam
cracking and the number of by-products formed can be reduced to H,O
and carbon oxides (COy) [2], although the selectivity to ethylene is the
key point to be optimized [1-8]. Thus, from an industrial point of view,
ethylene yields between 65 % and 70 % are required to compete with the
steam cracking process [7].

Up to date, the most promising catalytic systems for the ODHE are
multicomponent mixed metal oxide, i.e. Mo-V-Te-Nb-O catalysts [9,10].
Thus, 75 % ethylene yield can be reached at a reaction temperature of
400 °C, over Mo-V-Te-Nb-O catalysts heat-treated in inert atmosphere at

* Corresponding authors.

550-650 °C, but both selectivity to ethylene and yield of ethylene are
lower on catalysts with the same composition but heat-treated at
350-500 °C [9]. These catalysts are similar to those developed by Mit-
subishi Chemicals researchers for propane (amm)oxidation [10-14].

The outstanding catalytic results of these materials have been related
to the presence of the orthorhombic TeaM30s8 (M = Mo, V, Nb) phase
(the so-called M1 phase), responsible for the selective activation of C5-Cy4
alkanes [9-26], which is attributed to the presence of isolated active
sites on the surface of these catalysts [26]. In addition, the high selec-
tivity to ethylene at high ethane conversion is related to the extremely
lower reactivity of ethylene on these catalysts [27].

In the last years, several studies have been conducted in order to
optimize the synthesis of the M1 phase, their catalytic behaviour and a
greater knowledge of the physical-chemical and structural characteris-
tics [8-30].

Mo-V-Te-O [31-34] and, more recently Mo-V-O [35-38], have been
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also proposed as active and relatively selective catalysts in ethane ODH,
but also in propane partial oxidation [31,39-42], although the
heat-treatment strongly influence the stability of the M1 phase and their
catalytic performance. This fact is especially noticeable when comparing
the selectivity to ethylene at higher ethane conversion, in which
consecutive reactions (and formation of carbon oxides) can be differ-
ently favoured [8,27,32-34].

Mo-V-Te-Nb mixed oxide catalysts are known to work through a
redox or Mars-Van Krevelen mechanism [26,43]. Interestingly, this type
of catalysts based on mixed oxides can work as semiconductors, and
surface’ oxidation/reduction can be investigated by studying the elec-
trochemical properties of the solid. However, there are very few papers
in which electrochemical properties are related to catalytic behaviour.
For instance, Wernbacher et al. [44] studied the oxidation of ethane,
propane and n-butane and determined the electrical conductivity of the
Mo-V-Te-Nb mixed oxides spent catalysts in the reaction by using the
Microwave Cavity Perturbation Technique (MCPT). By applying the
same technique, Heine et al. [45] investigated the impact of steam on
the electronic structure of these catalysts in selective propane oxidation
to acrylic acid. Caldararu et al. [46] analysed the changes of the elec-
trical conductivity of a Mo-V-Te-Nb (M2-based) catalyst used in propene
oxidation to acrylic acid with the Differential Step Technique (DST).

Nevertheless, in neither of them the technique of Electrochemical
Impedance Spectroscopy (EIS) has been applied, which is a powerful
non-destructive technique typically used in electrochemistry and from
which the resistances of the catalysts can be calculated. Additionally, in
these papers, the semiconductor type of the main simple oxides that
form the catalysts determine the semiconductor behaviour [44-46],
however, it has not been verified by performing capacitance analysis (i.
e., Mott-Schottky plots).

Therefore, in this study, we have investigated both the surface nature
and the electrochemical properties of MoV-based oxides (M1 phase) and
their possible influence on the catalytic performance in the oxidative
dehydrogenation of ethane. Moreover, both the catalytic and charac-
terization results have allowed us to find a correlation between the
composition and the heat-treatment temperature of the different cata-
lysts with their ability to form the M1 phase.

In this sense, we have synthesized and compared three mixed oxide
catalysts presenting high selectivity to ethylene, i.e. Mo-V-O, Mo-V-Te-O
and Mo-V-Te-Nb-O, each one of them heat-treated in N5 at 400, 500 or
600 °C. In order to correlate both composition and structure to the
catalytic behaviour, this study was complemented with several charac-
terization techniques such as X ray diffraction (XRD), field emission
scanning electron microscopy (FESEM), nitrogen adsorption isotherms
and X ray photoelectron spectroscopy (XPS). In addition, a further
characterization on the electrochemical properties of these catalysts was
also studied by applying the techniques of EIS, Mott-Schottky analysis,
and cyclic voltammetries.

2. Experimental
2.1. Catalyst preparation

The catalytic materials were prepared following previously reported
methods. Mo-V-Te-Nb-O mixed oxide catalysts were prepared by a hy-
drothermal method [9,10], from an aqueous solution of ammonium
heptamolybdate, vanadyl sulphate, telluric acid and ammonium niobate
(V) oxalate hydrate, with a Mo/V/Te/Nb atomic ratio in the synthesis
gel of 1/ 0.25/0.17/0.17 at a pH = 2.5.

Mo-V-Te-O catalysts were also prepared hydrothermally, from an
aqueous solution of ammonium heptamolybdate, vanadyl sulphate and
tellurium dioxide with a Mo/V/Te atomic ratio in the synthesis gel of 1/
0.37/0.17 at a pH = 2.5 [32,42]. Mo-V-O catalysts were prepared using
similar procedures to those previously reported [34,35] with a Mo/V
atomic ratio in the synthesis gel of 1/0.37 and at a pH= 3.0.

In all cases, stainless-steel coated Teflon vessels containing the
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aqueous gels under inert atmosphere were heated at 175 °C for 3 days.
The resulting solids were cooled down, washed, filtered and dried at 100
°C for 12 h. Finally, these materials were heat-treated at 400 °C, 500 or
600 °C for 2 h in a Ny stream. The catalysts will be named as MoV-x,
MoVTe-x and MoVTeNbO-x, in which “x” will be the heat-treatment
temperature (400, 500 or 600 °C).

2.2. Catalyst characterization

BET specific surface areas were calculated from multi-point Ny
adsorption isotherms at 77 K wusing a Micromeritics Flowsorb
instrument.

X-ray diffraction patterns were collected using a Panalytical X'Pert
diffractometer equipped with a graphite monochromator operating at
40 kV and 30 mA, and employing nickel-filtered CuKa radiation (A =
0.1542 nm).

Thermogravimetric analyses were carried out in a Mettler-Toledo
thermobalance (TGA/SDTA 851). To do so, for each analysis, 10 mg of
the desired sample was heated under synthetic air (flow of 50 mL min'h)
up to 600 °C.

Raman spectra were obtained in an inVia Renishaw spectrometer,
equipped with an Olympus microscope. The laser wavelength was 514
nm, generated with a Renishaw HPNIR laser with a power of approxi-
mately 15 mW.

Field-emission scanning electron microscopy was performed on a
Hitachi S4800 microscope, collecting images at an operation voltage of
5 kV.

X-ray photoelectron spectroscopy (XPS) measurements were per-
formed on a SPECS spectrometer equipped with a Phoibos 150 MCD-9
detector using a monochromatic Al Ka (1486.6 eV) X-ray source.
Spectra were recorded using an analyser pass energy of 50 eV, an X-ray
power of 100 W, and an operating pressure of 10° mbar. Spectra
treatment was performed using CASA software. In all cases, binding
energies were referred to C Is at 284.5 eV.

2.3. Electrochemical characterization

Electrochemical Impedance Spectroscopy measurements were per-
formed applying a 0.5 Vag/agc1 potential using an amplitude of 0.01 V
and scanning frequencies from 100 kHz to 0.01 Hz in a 0.1 M NaSO4
electrolyte. Mott-Schottky plots were carried out to evaluate the semi-
conductor behaviour of the catalysts. These tests were carried out at a
5000 Hz frequency, scanning the potential from 0.5 to — 1 Vag/agc1 also
in a 0.1 M NaySO4 electrolyte. Cyclic voltammetries were performed in a
potential range of — 0.1 to 0.6 Vag/agct at 0.01 V/s. In this case, the
electrolyte used was a solution of 10 mM Fe(CN)gK4 with 0.1 M NaySO4.
For every study, a three-electrode electrochemical cell was used. The
catalyst was the working electrode (deposited on FTO) connected to the
potentiostat. A platinum tip was placed as the counter electrode and Ag/
AgCl (3 M KCl) was used as the reference electrode. An area of 0.5 cm? of
the catalysts was exposed to the electrolyte.

2.4. Catalytic tests

The catalytic experiments were carried out in a fixed-bed quartz
tubular reactor working at atmospheric pressure and in a 350-425 °C
temperature range. The flow rate (25-100 mL min™) and the amount of
catalyst (0.05-1.0 g; 0.25-0.50 mm particle size) were varied in order to
achieve different ethane conversions. Silicon carbide was added to
maintain a bed size of ca. 3 cm® in order to avoid heat-transfer problems.
The reaction mixture (ethane/oxygen/helium) was fed with a molar
ratio of 5/5/90. Reactants and reaction products were analysed by an
online gas chromatograph (Agilent 7890A) equipped with two packed
columns [9,10]: (i) Porapak Q (3 m) to separate carbon dioxide, water,
hydrocarbons and acids; (ii) molecular sieve 5A (3 m) to separate O, and
CoO.
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3. Results and discussion
3.1. Characterization of catalysts

The physicochemical characteristics of mixed oxides, i.e., Mo-V-O,
Mo-V-Te-O and Mo-V-Te-Nb-O catalysts, heat-treated at 400, 500 or
600 °C in an inert atmosphere, are shown in Table 1.

Fig. 1 shows, separately, the XRD patterns of as-synthesized mate-
rials and those catalysts heat-treated at different activation tempera-
tures. For both MoV-as and MoVTe-as, it can be seen the single-phase
orthorhombic M1-type structure (ICSD no. 55097) [44,45], whereas the
MoVTeNb-as presents a XRD pattern of a pseudocrystalline phase, with
strong anisotropic peak at ca. 20 = 23.0, suggesting a preferential
crystallization along the C-axis direction [47].

The XRD patterns of heat-treated samples indicate an opposite trend
between MoVO-series and those observed for MoVTeNbO-series, with
MoVTeO-series presenting M1 phase in all range of activation temper-
atures. Thus, both intensity and definition of the diffraction peaks in the
MoV-400 sample suggests the almost only presence of orthorhombic M1
phase with the highest degree of crystallinity. Similarly, M1 phase is also
observed for the MoV-500 sample. However, tetragonal
(Mog.93V0.07)5014 phase, with diffraction peaks at 20 = 22.3, 25.0, 31.6
and 33.7° [35], is mainly observed for sample MoV-600, as a conse-
quence of the degradation of the orthorhombic phase.

In the case of MoVTeNb-series, the XRD patterns indicate the prev-
alence of the pseudocrystalline phase until activation temperatures
beyond 500 °C. However, for the MoVTeNb catalyst heat-treated at 600
°C, the M1 phase is almost the only phase detected. In fact, for this
catalyst, characteristic diffraction peaks at 26 = 6.7°, 7.9°, 9.0°, 10.8°,
23.0° and 27.3° (ICSD no. 55097) [44,47] with a partial arrangement of
the atoms along the C-axis, as seen for the only sharp peak at 20 = 23.0°,
have been observed.

Conversely to MoV-samples, when heat-treated at 600 °C, the qua-
ternary MoVTeNb-600 catalyst is the one with the highest definition
and intensity in the diffraction peaks. Then, low heat-treatment tem-
peratures are required to avoid the M1 decomposition in MoV-catalysts
(lower than 500 °C), whereas higher temperatures (over 500 °C) are
required for the formation of the M1 phase in MoVTeNb-based catalysts.
Furthermore, the inverse intensity relationship between the two most
characteristic diffraction peaks (i.e., 23.0° and 27.3°) in MoV-400 and
MoVTeNb-600 samples suggests a marked change in the morphology of
the oxides, which has been studied and it is discussed below. In addition,
it must be noted that the ternary Mo-V-Te catalysts, both at 400, 500 and
600 °C, present a well-defined pattern of the M1 structure, with inter-
mediate intensity and peak relationships.

Table 1
Characteristics of the MoV(Te,Nb)O catalysts.

Catalyst Mo/V/Te/Nb Mo/V/Te/Nb vty Surface
at. at. XPS \AN area (m?
composition® composition ! ratio gh

(XPS)
MoV-400 1/0.37/0/0 1/0.18/0/0 75/25 35.2
MoV-500 1/0.37/0/0 1/0.16/0/0 50/50 21.4
MoV-600 1/0.34/0/0 1/0.13/0/0 34/66 7.2
MoVTe- 1/0.37/0.13/ 1/0.08/0.10/ 44/56 20.3
400 0 0

MoVTe- 1/0.38/0.10/ 1/0.22/0.03/ 62/38 17.6
500 0 0

MoVTe- 1/0.46/0.08/ 1/0.17/0.05/ 66/34 7.9
600 0 0

MoVTeNb- 1/0.23/0.21/ 1/0.14/0.28/ 40/60 55.1
400 0.22 0.27

MoVTeNb- 1/0.23/0.21/ nd nd 35.0
500 0.22

MoVTeNb- 1/0.22/0.26/ 1/0.14/0.40/ 85/15 17.0
600 0.23 0.28

1) Catalyst after activation done by EDX.
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Further characterization results, such as Raman spectra, are shown in
the Supporting Information (Fig. S1). In all cases, the spectra obtained
present the main features of the M1 phase [42,48], i.e., an intense peak
centred at ca. 874 cm’, with shoulders at higher and lower wave-
number. Shoulder in the 770-880 cm™ region is attributed to asym-
metric Me-O-Me bridge stretching modes, whereas the symmetric ones
can be seen at 470 cm™’. In addition, the shoulder at 970-980 cm™
corresponds to Mo—O and V=0 terminal stretching vibrations. In the
case of MoVTeNb-400 (although not presenting a more defined prin-
cipal peak due to its non-crystalline shape) and MoVTeNb-600 samples,
weak shoulders at 650 and 820 cm™ are ascribed to the formation of
Nb-O-Nb bonds, where isolated NbOg octahedra give rise to a signal at
ca. 907 cm™ [49].

In order to study the stability of the three catalysts’ composition, we
performed thermogravimetric studies on as-synthesized samples (i.e.,
MoV-as, MoVTe-as and MoVTeNb-as) and the experimental results are
shown in Fig. S2. In this case, the TG patterns of MoV-as, MoVTe-as and
MoVTeNb-as materials seem to have a quite similar tendency although
with different slopes. In all cases, first weight losses until 150 °C are
associated with HoO molecules adsorbed. Second drops in mass appear
at around 250 °G, in this case attributed to NH4 and maybe also H,0
occluded into the micropores of the structure. Then, from ca. 350 °C, a
small but constant weight gain is observed for both MoV-as and MoV-
TeNb-as catalysts, or a sudden gain can be seen for MoVTe-as at 470 °C,
as a consequence of oxidation of the material.

Fig. 2 shows some representative FE-SEM images of the different
catalysts activated at 400 or 600 °C. Fig. 2a displays the FE-SEM image
of the MoV-400 catalyst. There, elongated needles (typical of M1 phase
[24]) with high crystallinity can be elucidated. These needles are, in
some regions, connected to others. Nevertheless, for the MoV-500
catalyst (Fig. 2b), the structure undergoes a notable depletion in its
crystallinity, exhibiting in some cases an amorphous shape (there is
almost no elongated needle structures) that, in fact, perfectly correlates
with XRD results (seen in Fig. 1a), where a deep decrease in the relative
intensity of the diffraction peaks is shown for MoV-500. This fact sug-
gests that the M1 phase begins to decompose in MoV-series when acti-
vation temperature increases above 400 °C. For the MoVTe-400 and
MoVTe-600 catalysts (Fig. 2c and d, respectively) a needle structure,
indicative of the M1 phase, is also observed, regardless the calcination
temperature. The thickness of the needles is roughly 0.5 um and
different lengths are obtained, depending on the agglomeration of the
needles, in some cases, reaching more than 9 um. In addition, Fig. 2e and
h how also that the morphology of the MoVTeNbO catalysts changes
with the activation temperature, especially for the catalysts heat-treated
at 400 °C, where particles with somehow a globular shape are presented.
The morphology of sample MoVTeNb-600 is similar to those observed
for samples MoV-400 or MoVTe-series, but more compact and with
short rods/cylinders (see Fig. 2h), consistent with the M1 phase [34].
These results are in agreement with XRD data, since M1 phase is not
formed in the MoVTeNb-400 catalyst.

In order to explain the catalytic behaviour of these catalysts, several
factors rather than the presence of the M1 phase must be considered as
well, since not all the catalysts presenting the M1 phase perform equal.
Then, according to FESEM and XRD studies, among the catalysts with
well-formed M1 phase and high degree of crystallinity, the most selec-
tive sample is the one that possesses the most compact needles (MoV-
TeNb-600 catalyst). A possible explanation lies on the fact that the
active sites of the M1 phase are located on the bases of the cylindrical
structures that form this catalyst (001 basal face of the needle) [50,51].

Moreover, those differences observed in the morphology of the cat-
alysts treated at 400, 500 or 600 °C can lead to dissimilar textural
properties. In that sense, Ny adsorption isotherms were carried out, and
the results for surface area and micropore volume are shown in Table 1
and Fig. S3. Interestingly, surface area depends strongly on both the
composition and the activation temperature of the catalyst [52]. For
instance, among the catalysts heat-treated at 400 °C, the sample with the
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Fig. 1. XRD patterns of MoV- (A), MoVTe- (B) and MoVTeNb-series (C): as-synthesized samples, and catalysts heat-treated at 400, 500 or 600 °C in a N, atmosphere.
Characteristics of catalysts in Table 1.

Fig. 2. FESEM images of the different catalysts: MoV-400 (a), MoV-500 (b), MoVTe-400 (c), MoVTe-600 (d), MoVTeNb-400 (e) and MoVTeNb-600 (f). Images (g)
and (h) are the magnification of images (e) and (f), respectively.
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highest surface area value is MoVTeNb-400 (ca. 55 m? g'l). However,
the surface area decreases when increasing activation temperature, up
to 35 m? gl (MoVTeNb-500) or 17 m? g! (MoVTeNb-600). In a similar
way, for binary and ternary M1 catalysts, a higher surface area of the
sample activated at 400 and 500 °C compared to the 600 °C-treated
counterpart has been observed: ca. 35, 21 and 7 m?> g'l, for MoV-series,
respectively, and ca. 20, 18 and 8 m? g}, for MoVTe-series, respectively.
Accordingly, as a general trend for the three families of catalysts, the
higher the thermal activation the lower the surface area, regardless of
the chemical composition.

3.2. Catalytic results for ethane ODH

Catalysts with different chemical composition (Mo-V-O, Mo-V-Te-O
and Mo-V-Te-Nb-O) and different thermal activation temperatures
were tested in the ODH of ethane (Table S1) and results are compara-
tively shown in Table 2. Both chemical composition and activation
temperature lead to huge differences among the different samples.
Nevertheless, it must be stated that all the samples not presenting the M1
phase (i.e., samples MoV-600, MoVTeNb-400 or MoVTeNb-500) have
the worst catalytic properties in terms of catalytic activity (sample MoV-
600) and/or selectivity to ethylene (samples MoVTeNb-400 or MoV-
TeNb-500).

Especially notorious is the case of the bimetallic MoV-based cata-
lysts, in which big differences have been observed in activity and
selectivity to ethylene. This behavior can be related to the absence of the
M1 phase in the MoV-600 catalyst (decomposed into (MoV)s014-based
phase), as observed by XRD (Fig. 1A). For the MoVTe-based catalysts, a
more severe thermal activation implied a decrease in the surface area,
however, it also led to a higher selectivity to ethylene (Table 2), with the
corresponding decrease in the catalyst’s activity, as in the case of
MoVTeND catalysts (Table 2). It must be noted that, unlike for MoV- and
MoVTeNb-series, samples of MoVTe-series presented the M1 structure
for the three temperatures studied and, therefore, changes in the surface
area, as well as the micropore volume, can modify the rate for ethane
conversion when considering number of V-sites and surface area
(Table 2).

Table 2
Catalytic parameters of MoV-containing catalysts in the oxidative dehydroge-
nation of ethane to ethylene.?

Catalyst Reaction Areal Rate per Rate per Selectivity to
rate® rate® active active site ethylene (%)F
sited and area®
MoV-400 15.1 0.43 142.5 4.05 75
MoV-500 7.8 0.36 73.6 3.44 66
MoV-600 0.34 0.05 3.2 0.45 nd?®
MoVTe- 2.8 0.15 29.5 1.45 65
400
MoVTe- 3.3 0.19 33.2 1.89 78
500
MoVTe- 3.4 0.27 29.3 3.71 88
600
MoVTeNb- 2.4 0.04 46.2 0.84 56
400
MoVTeNb- 2.1 0.06 40.4 1.15 65
500
MoVTeNb- 5.2 0.31 109.5 6.44 95
600

@ Conditions in the Experimental section, at 390 °C and C,/O»/He: 5/5/90
molar ratio; ® Reaction rate of ethane conversion (in 10° molcoys gene h™),
calculated at ethane conversion below 10 %; © Areal rate of ethane conversion
(in mmoleape m™2 h'), calculated at ethane conversion below 10 %; D Reaction
rate of ethane conversion per active site (in 10° molcope g{,l h'Y), calculated at
ethane conversions below 10 %; © Reaction rate of ethane conversion per active
site and area, in 10® molgaye (100 %V) ™! m™ h'!, calculated at ethane conver-
sions below 10 %; ? Selectivity to ethylene for an ethane conversion of 50 %; &
due to the poor activity, conversions higher than 25 % have not been reached.
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Fig. 3. Variation of the selectivity to ethylene with the ethane conversion

during the ethane ODH at 390 °C. A) MoV-series; B) MoVTe-series; C)

MoVTeNb-series. Reaction conditions in text. Characteristics of catalysts

in Table 1.

Fig. 3 presents the variation of the selectivity to ethylene with ethane
conversion at 390 °C for all the studied catalysts. In the case of the bi-
nary MoV-series (Fig. 3A), the best catalytic results were observed for
the catalyst with the lowest activation temperature (i.e., MoV-400),
whereas the selectivity to ethylene decreased with the activation
temperature.

Especially notorious is the drop in the selectivity obtained in the
MoV-600 sample, in which selectivity values are up to 30 % lower than
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those observed for MoV-400, in addition to a completely different trend
in the activity, probably due to the partial transformation of the M1
phase into non-catalytic crystalline phases reported previously [25,53].
In any case, MoV-500 showed selectivity values ca. 10 % lower than its
400 °C-treated counterpart, maintaining said differences at high values
of ethane conversion (for instance, 75 % selectivity to ethylene for
MoV-400 versus 66 % for MoV-500 at 50 % conversion).

On the contrary, inverse results were obtained in the case of the
ternary Mo-V-Te-O catalysts (Fig. 3B). In this case, the selectivity to
ethylene increased with the temperature of the thermal activation, with
a maximum for the catalyst treated at 600 °C (MoVTe-600), followed by
MoVTe-500 and then MoVTe-400, although the biggest differences are
appreciable at higher ethane conversions (<30 %).

Moreover, if compared with the binary catalysts, the MoVTe-400
sample presents lower selectivity values than those of the MoV-400,
whereas MoVTe-600 exhibits fairly higher values than the latter, and
obviously a more evident difference than the partially M1 structure
collapsed MoV-600 catalyst.

The results for MoVTeNb-series are presented in Fig. 3C. In this case,
and as previously reported for propane oxidation [42], the selectivity to
ethylene is tightly related to the activation temperature of the catalysts,
since no perfectly crystalline M1 phase is formed for activation tem-
peratures below 550 °C. Therefore, as observed in that figure, extremely
high differences in ethylene selectivity can be discerned between the
catalysts MoVTeNb-400 or MoVTeNb-500 (both pseudo-crystalline
phases) and MoVTeNb-600 (pure M1 phase). In this series, samples
calcined at 400 and 500 °C presented a practically identical selectivity to
ethylene, with a strong decline with conversion, in contrast to what it is
seen for the catalyst calcined at 600 °C, presenting an excellent selec-
tivity to ethylene beyond 90 % for all the conversion values studied.
Moreover, the MoVTeNb-600 sample is the one that presented the
highest selectivity to ethylene among all the series, with very low
ethylene combustion (selectivity to ethylene up to 95 % at 70 % of
ethane conversion) (Fig. S4). Accordingly, the significant decrease in
CoHy selectivity with increasing conversion on MoVTeNbO catalysts
heat-treated at 400 or 500 °C can be related to the absence of M1 phase
[53].

Furthermore, by looking at the catalytic results, it can be stated that
not only the selectivity to ethylene depends on the thermal treatment,
also the catalytic activity of the samples studied is related to both the
composition and the activation temperature. Then, Fig. 4A, shows that
MoV-400 catalyst is remarkably more active (normalized per mass) than
MoVTe-400 and MoVTeNb-400 catalysts. However, comparing to cat-
alysts heat-treated at 600 °C, the highest activity is obtained by the
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MoVTeNb-600 catalyst. Overall, the highest rate per mass of catalyst
corresponds to the MoVTeNbO catalyst activated at 600 °C (MoVTeNb-
600), slightly higher than the binary MoVO sample activated at 400 °C
(MoV-400).

Conversely, by jointly normalizing per surface area and per V site
(Fig. 4B), for the MoV-catalysts, the activity increases when decreasing
the heat-treatment temperature, the same as if normalized per mass.
Moreover, the same trend as observed in Fig. 4A is displayed for
MoVTeNb-based catalysts applying this new normalization, in where,
reaction rate increases when increasing the heat-treatment temperature
(Fig. 4B). Lastly, in the case of MoVTe-catalysts, the reaction rate per
active site and surface area is very similar regardless of the activation
temperature. Nevertheless, differences in terms of activity are more
notorious by applying the normalization used in Fig. 4B, with the
MoVTeNb-600 still being the most active catalyst.

Moreover, apart from ethylene, the other reaction products that have
been obtained are mainly CO and CO,. In the binary MoVO catalysts,
acetic acid has been also detected, although with a selectivity lower than
2 %. For the ternary and quaternary catalysts, the presence of acetic acid
has been only observed as traces. For all catalysts, the selectivity to
ethylene at low conversions is high. Then, by decreasing the space ve-
locity, the ethane conversion can be increased. Unfortunately, at higher
conversions the selectivity to ethylene decreases, whereas the selectivity
to carbon oxides increases, especially in the case of the binary MoV
catalysts. This means that, initially, ethane is in all cases mainly trans-
formed into ethylene but with some COx (CO+CO53) formation and, at
some point, some of the ethylene formed also decomposes into carbon
oxides. Nevertheless, among the carbon oxides, the formation of CO is
predominant in the ethylene decomposition for all the catalysts
regardless of the chemical composition and the activation temperature.

All in all, the catalysts that presented the best catalytic performance
in terms of activity and selectivity to ethylene among the series were:
MoV-400, MoVTe-600 and MoVTeNb-600. These results suggest a
positive effect of the activation temperature only when Te**, and both
Te** and Nb>" species are incorporated into the M1 structure.

3.3. Characterization of the surface of catalysts

Although the selection of the proper crystalline phase is indispens-
able [51-54], the surface of the M1 structure is the one directly involved
in the activation of alkanes in selective oxidation reactions. Accordingly,
a surface study by XPS has been undertaken and the results are
comparatively shown in Fig. 5 and Table 1.

The XPS Mo 3d core level spectra for catalysts heat-treated at 400 or

B

Rate per active site and area

MoVO

MoVTeO
Catalyst

MoVTeNbO

Fig. 4. Reaction rate of ethane conversion (A) and Reaction rate of ethane conversion per site and per area (B) of MoVO-, MoVTeO- and MoVTeNbO-series, heat-
treated at 400, 500 or 600 °C, during the ethane ODH. Reaction conditions: 390 °C and C,/05/He: 5/5/90 molar ratio. Reaction rate as 10° molgans g;ﬁ,t h! at ethane
conversions below 10 %. Reaction rate per active site and area as 10% molcape (100 %V)! m™2 h'! at ethane conversions below 10 %. Green bars correspond to

error bars.
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600 °C are shown in Fig. 5A-C. Spectra for the MoVO and MoVTeO
catalysts are very similar to each other and indicate that molybdenum is
totally oxidized on the surface of the catalysts, only presenting the +6
oxidation state (Mo®" signals presenting a doublet at 235.7 and
232.5 eV, corresponding to the Mo 3ds,2 and Mo 3dz,2 components,
respectively, with a spin orbit split of ca. 3.15 eV) [24,55,56]. On the
other hand, for MoVTeNbO catalysts, a second doublet related to dif-
ferential charging within the measurement is observed, probably due to
the inclusion of the Nb°* cations in the centre of the pentagonal units of
the structure as will be indicated latter.

The XPS V 2p3/, core level spectra of all the catalysts (Fig. 5D-F) are
formed by the contribution of two components with binding energies
around 517.5 eV and 516.5 eV, which have been related in the literature
to the presence of the V°* and Vv** oxidation states, respectively [24,55,
57,58]. However, this ratio presents rather different values depending
on both the composition of catalysts and the activation temperature.

Fig. 5G and H show the Te 3ds,; core level spectra of the ternary and
quaternary catalysts. In all of them, it is clearly shown a unique tellu-
rium signal at 576.3 eV of binding energy, corresponding to Te** species
[24,55,58], although with slight shifts between them, which are likely
related to the different environments.

Finally, the Nb 3d XPS spectra of the Mo-V-Te-Nb-O catalysts showed
mainly the presence of Nb®* (at 210.4 and 213.1 eV for Nb 3ds 2 and Nb
3ds/2 components, respectively) (Fig. 5I) [24,55,58]. Additionally, a
second doublet at ca. 208.2 and 210.9 eV can be also observed, likely
linked to differential charging within the measurement.

According to the XPS results, we have not been able to find a rela-
tionship between the oxidation state of molybdenum and its catalytic
properties. In this sense, quaternary catalysts are the only ones that
could present a certain proportion of Mo>", very similar in both cases
(14-15 %), nevertheless that signals are most likely due to differential
charging rather than to a real Mo®* percentage in the sample. However,
the catalytic performance is very different; in fact, they present the
highest and the lowest selectivity to ethylene of the whole series.

Conversely, the surface study of the V-species seems to be able to
predict the performance of the catalysts. Then, it has been observed that
the higher the proportion of V** species, the higher is the selectivity to
ethylene. This fact is reflected in Fig. 6, where a clear correlation is
shown between the total amount of V** species determined by XPS and
the selectivity to ethylene. This is especially notable as this relationship
takes place regardless of the composition of the catalyst and the acti-
vation temperature. As vanadium is reported to be the active site in this
type of catalysts [9-27], it can explain the lack of trend observed with
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Fig. 6. Variation of the selectivity to ethylene (at an ethane conversion of 50 %,
see Table 2) with the V**/Vio determined by XPS (see Table 3) of MoV-,
MoVTe- and MoVTeNb-series, heat-treated in N, at 400, 500 or 600 °C. Green
bars correspond to error bars.
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molybdenum.

In this way, a catalyst with a more compact morphology (as in the
case of the MoVTeNb-600 sample) seems to contain the vanadium
atoms (V* species, precisely) in a more favourable environment for the
selective activation of ethane.

It is well-accepted that the selective oxidative activation of ethane or
propane is carried out on V°*-sites (V°7=0 o 4+y_0*) [16,17,26,43,
50,54], by abstracting a methylene hydrogen from the alkane. In this
way, it has been proposed the importance of nucleophilic bridging ox-
ygen atoms between reduced and oxidized metal centres during the
partial oxidation of alkanes [26,50], specifically the bridging oxygen
atoms in V°*-O-Me units (Me= Mo®>" or V°*/4*) in which the
nucleophilicity of the oxygen bounded to V** should be higher than that
bounded to V° [59,60]. However, an excess of lattice oxygen on the
catalyst surface could also favour consecutive reactions of desorbed
olefins [27].

According to the site isolation hypothesis proposed by Grasselli [25,
50,61,62]], a partially reduced surface (with the appearance of \'ans
sites) could have a positive effect in the selectivity to ethylene by
decreasing ethylene deep oxidation, which is in agreement with the
relationship observed between selectivity to ethylene and the surface
V4 /Vior ratio. The low specificity of isolated V** species to ethylene
transformation (probably in V-O-Mo pairs in the heptagonal channels)
can be a key factor in the high selectivity to ethylene [27].

For this reason, and in addition to the isolation of active sites in the
terminal [001] plane [16,17,26,43,50,54,61,62], the optimization of
V4 /V5* ratio on the catalyst surface, could prevent undesirable
consecutive reactions improving the selectivity to ethylene at high
ethane conversion as observed in our catalysts. Accordingly, some V>*
would be necessary for the alkane oxidation but in relatively low pro-
portions (in agreement with the relationship observed between selec-
tivity to ethylene and the surface V**/V ratio).

3.4. Electrochemical characterization

As the oxidation state of the active species and the transfer of oxygen
from the lattice to the surface with its corresponding electron transfer
are involved in the selective ethylene formation, we have studied the
electronic (semiconducting) nature of the catalysts and the electro-
chemical properties of their interfaces.

First, electrochemical impedance spectroscopy (EIS) measurements
were performed in order to study the resistance of the different samples
to charge-transfer processes. Then, Fig. 7 shows the Nyquist (Fig. 7a)
and Bode-module (Fig. 7b) plots for the binary (MoV-series), ternary
(MoVTe-series) and quaternary (MoVTeNb-series) oxides, heat-treated
in the 400-600 °C temperature range.

It can be seen that, regardless of the sample, all Nyquist plots display
two semicircles. These semicircles correspond with two regions with
different slopes in Bode-module plots. The first semicircle (obtained at
high and intermediate frequencies) can be associated with the charge-
transfer response of the oxide/electrolyte interface [63,64], hence
providing information on the active surface of the catalysts.

The second semicircle can be attributed to the catalyst bulk [64,65],
that is, the part of the oxide which is not active from a catalytic point of
view. In general, the higher the semicircle amplitude, the higher the
impedance of the electrochemical process related to it. Observing
Fig. 7a, the catalyst with the largest semicircles is MoVTeNb-600, which
means that this quaternary oxide has the highest impedance. Binary and
ternary oxides provide significantly lower impedance values for both
semicircles.

The morphology of Nyquist and Bode-module plots suggests that an
electrical equivalent circuit with two parallel R-C time constants should
be used to simulate the EIS results, as shown in Fig. 7c. In this circuit,
constant phase elements (CPEs) have been used instead of capacitors to
account for the non-ideality of the system. From this circuit, the resis-
tance R; has been quantified, which is the charge-transfer resistance at
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resistance (R;) at the active parts of the catalysts/electrolyte interface (d).

the active parts of the catalysts/electrolyte interface (Fig. 7d). R; values
are considerably higher for the MoVTeNb-600 catalyst.

In Fig. S5 the cyclic voltammetries, first and last (10th) cycle, ob-
tained for the different studied catalysts are presented. There, two peaks
can be ascertained: one cathodic peak at ~0.18 Vag/agc1 and another
anodic peak at ~0.30 Vag/agci, associated with the typical electro-
chemical response of the Ferri/Ferro redox pair. Thus, both cyclic vol-
tammetries are very similar for each catalyst, confirming the stability of
the samples in every composition.

Interestingly, while a correlation between resistance to charge-
transfer at the catalysts active parts (R;) and their selectivity towards
ethylene is found and plotted in Fig. 8A, a completely different trend is
observed when it comes to the influence of the anodic current density
values referred to the selectivity to ethylene of the catalysts (Fig. 8B).
Then, as shown in Fig. 8A, higher R; values result in higher selectivity to
ethylene in the ethane ODH. Therefore, the high charge-transfer resis-
tance at the interfacial active parts (surface) of the catalysts, as sug-
gested from the differential charging observed by XPS in sample
MoVTeNb-600, is related to better selectivity to ethylene during the
ethane ODH.

Conversely, Fig. 8B shows an inverse correlation between the anodic
current density values of the catalysts and the selectivity to ethylene.
The explanation for this trend could lay on the fact that higher current
densities are generally attributed to an enhanced electrochemical ac-
tivity of the catalysts, thus favouring total oxidation reactions, this is,
the transformation of ethane (or ethylene) into carbon oxides. According
to this relationship (Fig. 8B), catalysts with lower current densities are
desired to improve the selectivity to ethylene during the ethane ODH in
order to reduce the deep oxidation of ethane and ethylene into carbon
oxides.

Additionally, the variation of the selectivity to ethylene with the
anodic current density (Fig. 8B) or with the V*t concentration on the
catalyst surface (Fig. 6) follows opposite trends. In fact, this might be
attributed to the lower number of electrophilic oxygens (which are
responsible for non-selective oxidation reactions) in the catalysts with

higher V** surface content (less oxidized active surface), which results
in an enhancement in the selectivity to ethylene. On the other hand,
higher current densities could be related with a higher proportion of
electrophilic oxygens, thus, decreasing the selectivity to ethylene.

Furthermore, to study the influence of the semiconducting properties
of the different oxides with their catalytic performance, Mott-Schottky
analyses have been also performed. Fig. 9 shows the Mott-Schottky
plots for the catalysts studied.

In the case of the binary MoVO oxides heat-treated at 400 °C or 500
°C two clear linear regions can be seen. The linear region with positive
slope (from —0.6 V to aprox. 0.1 V) indicates an n-type semiconducting
behaviour, while the negative slope at higher potentials is characteristic
of p-type semiconductivity. For comparison, Fig. S6 (Supporting Infor-
mation) also shows the Mott-Schottky diagrams for pure MoO3 and V05
(respectively). Thus, the n-type semiconductivity character of the binary
MoVO oxide is provided by its molybdenum content (since MoOs is a n-
type semiconductor), while the p-type semiconductivity is due to its
vanadium content.

Nevertheless, it is also important to mention that VoOs behaves as a
p-type semiconductor when the oxidation state of vanadium is lower
than 4.6, being V** the main surface vanadium species [44]. However,
according to the XPS results obtained for our MoVO catalysts, the sur-
face oxidation state is 4.25 and 4.50 for samples treated at 400 and 500
°C, respectively. In this case, the main donor species responsible for the
n-type semiconductivity in the binary MoVO oxide [44,45,64,66] are
oxygen vacancies which, following Kroger-Vink notation, can be written
as V§ in their neutral form and as V& in their double-ionized state. On
the other hand, the main acceptor species responsible for the p-type
semiconductivity in the binary MoVO oxide are cation vacancies [44],
Vi or Vi (neutral or ionized vacancy, respectively).

When Te** is incorporated, the resulting ternary MoVTeO oxide
mainly shows n-type semiconductivity (Fig. 9). Indeed, the linear region
with negative slope, typical for p-type semiconductors, is almost absent
for the trimetallic catalysts. This result agrees with Wernbacher et al.
[44], since they showed that tellurium promoted n-type
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semiconductivity in ternary MoVTeO and quaternary MoVTeNbO
oxides.

Finally, as stated in [44], the addition of Nb>" clearly favours n-type
semiconductivity as observed for MoVTeNbO oxides, where the linear
region with negative slope is completely eliminated from the
Mott-Schottky plots (Fig. 9).

The value of the positive slope in Mott-Schottky plots is inversely
related to the density of donor species (oxygen vacancies, as explained
above), according to the Mott-Schottky equation. Therefore, the higher
the positive slope, the lower the number of oxygen vacancies in the
oxide structure. According to the trends shown in Fig. 9, it can be
concluded that the MoVTeNbO quaternary oxide heat-treated at 600 °C
presents the lowest density of oxygen vacancies, followed by the samples
of the MoVO binary oxide (MoV-500 < MoV-400), the quaternary oxide
calcined at 400° C and, finally, the MoVTeO oxides (in a same amount).

Furthermore, data of the resistance R; presented in Fig. 7d, can be
also related to the slope of the Mott-Schottky plots, indicating that the
higher the slope, the lower the density of oxygen vacancies and the
higher the resistance R; to interfacial charge-transfer processes.
Consequently, catalysts presenting high slopes in the Mott-Schottky
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plots should also have higher selectivity to ethylene (fact particularly
evident for the MoVTeNb-600 sample).

In addition, the influence of semiconducting properties on the
selectivity to ethylene of these mixed oxides can be explained in terms of
defects (vacancies) and oxygen species within the oxide structures. In
general, for the ODH reaction, two types of oxygen species have been
described in terms of their capacity to affect the selectivity of the reac-
tion: electrophilic oxygen species (O’), or non-stoichiometric oxygen
(NSO), which favour deep oxidation to CO and CO,, and nucleophilic
species (02'), which favour selective oxidation reactions [1,67-70].
Thus, the relationship between semiconducting properties of the oxide
(catalyst) and the prevailing oxygen species within its structure can
provide information on its selectivity in ODH reactions.

In oxides showing p-type semiconductivity, i.e., the binary MoVO
oxides, the taking by a cation vacancy of two electrons from its sur-
roundings results in two positive electron holes and a doubly-ionized
cation vacancy (Vyy), according to the following reaction:
VXV +2h* €Y}

These holes can subsequently interact with an oxygen anion located
in a regular position within the oxide lattice (0% or OF using the Kroger-
Vink notation), forming an oxygen anion with positive effective charge
(09), which is equivalent to the electrophilic O™ anion [43,70].

05 +h"—0p @

Therefore, cation vacancies promote the formation of electrophilic
oxygen species which, in turn, lead to low selectivity values to ethylene.
This fact would explain the lower selectivity to ethylene obtained for the
MoV-400 sample at high ethane conversion compared to the values
obtained for the MoVTeNb-600 catalyst (Fig. 3), in which the p-type
semiconductivity is absent.

In oxides showing no (or very little) p-type semiconductivity but very
low positive slopes in Mott-Schottky plots, i.e., MoVTeO-series (see
Fig. 9), oxygen vacancies are the prevailing defects, and their concen-
tration is higher than for the rest of the catalysts. An oxygen vacancy is
created from the transfer of an oxygen atom in a normal site of the lattice
(02’/03) to the gaseous state. Considering the double-ionized form of
the vacancy (V3), the global reaction can be written as:
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OX =V +2¢ + %Oz (9) 3)

Hence, there is competition between nucleophilic oxygen species
(0% /0%), which enhance selectivity to ethylene, and oxygen vacancies,
that lead to deep oxidation of the hydrocarbons. Consequently, a high
density of these vacancies, such as in the MoVTe-series, may result in
lower selectivity to ethylene if compared with the MoVTeNb-600
sample, whose density of oxygen vacancies is significantly lower (much
higher slopes in Mott-Schottky plots). This result agrees with the con-
clusions obtained by other authors [46]. However, the MoVTeNb-400
sample, although displaying a higher slope than the corresponding
Nb-free MoVTe-400 catalyst (lower Vg'), presents a lower selectivity to
ethylene (Table 2). This fact can be associated with the presence of the
M1 phase in the latter (MoVTe-series), that seems to be key in the se-
lective alkane (ethane) activation [9-27]. Accordingly, the electronic
structure and semiconducting properties of the different oxides do not
directly determine, by themselves, their catalytic performance in terms
of their selectivity to ethylene, since other important variables are also
involved in the catalytic process (for example, the formation of the M1
phase or the relative surface amount of the different metal cations in the
surface). Nevertheless, there is a clear relationship between the semi-
conducting behaviour of the mixed MoVO, MoVTeO and MoVTeNbO
oxides and their catalytic performance (in terms of selectivity). Hence, it
can be concluded that, in general, n-type semiconductors with low
density of oxygen vacancies yield higher selectivity to ethylene in the
ethane ODH.

Lastly, Fig. 10 summarizes the results obtained in the present article.
Then, it is clear that the formation of the M1 phase, which depends on
both the composition and the heat-treatment temperature, is para-
mount, since its decomposition or its non-formation leads to the lowest
olefin production.

However, other factors, especially the amount of surface V** species,
but also the density of oxygen vacancies or the charge transfer resis-
tance, play an essential role. Then, by controlling these other factors
further increases in the selectivity towards ethylene can be obtained.

4. Conclusions

In the present article, a comparative study of MoVO, MoVTeO and
MoVTeNbO catalysts, heat-treated at 400, 500 or 600 °C in N, atmo-
sphere, has been undertaken. Thus, it has been shown that the presence
of well-defined orthorhombic M1 crystalline structure is a requirement
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to achieve optimal catalytic performance in the oxidative dehydroge-
nation of ethane to ethylene. Interestingly, the formation of the desired
M1 phase takes place at different activation temperatures depending on
the composition of the catalyst. Then, the M1 phase begins to decompose
at temperatures over 400 °C for MoVO catalysts. However, in the case of
MoVTe-series, the formation of M1 is optimized in the 400-600 °C
activation temperatures range. For MoVTeNb-series, on the contrary,
the M1 phase begins to be formed at activation temperatures over 500 °C
and it is optimized in the 550-600 °C temperature range. Consequently,
the most selective catalysts are those that present the M1 phase with its
highest purity, the optimal activation temperature being different
depending on the composition.

On the other hand, a clear correlation between the concentration of
surface V** species and the selectivity to ethylene has been observed
regardless of the bulk chemical composition and the activation tem-
perature of the sample. Then, a partially reduced surface seems to be
required to optimize the catalytic performance.

Additionally, a completely novel electrochemical study has been
undertaken on these catalysts. Thus, Electrochemical Impedance Spec-
troscopy (EIS) studies showed that the higher the charge transfer re-
sistances at the interfacial active parts of the catalysts, the higher is the
selectivity to ethylene. Moreover, Mott-Schottky plots, that evaluate the
semiconductor behaviour of the catalysts, demonstrated that selectivity
to ethylene in the ethane ODH is enhanced in catalysts with n-type
semiconductivity, presenting low densities of oxygen vacancies, while
higher current densities (calculated from cyclic voltammetries) are
related, nevertheless, to total oxidation reactions, thus decreasing the
selectivity to ethylene specially at high ethane conversion values.

The formulation of the optimal catalysts requires the presence of Nb,
although this element is not necessary for the formation of the selective
orthorhombic M1 phase. Interestingly, the presence of Nb favours higher
thermal stability. Conversely, at low heat-treatments temperatures, it
hinders the formation of the orthorhombic phase. Moreover, when the
M1 phase is formed in the quaternary catalysts (MoVTeNb-600), the
presence on the surface of V4* species is maximized. Additionally, it has
been reported that the presence of Nb atoms in the M1 phase leads to an
enhanced selectivity to ethylene because of the surprisingly low acidity
of these catalysts when Nb>" is included in its composition [30]. On the
other hand, M1 phase catalysts with acid character present a higher deep
oxidation of the olefin (i.e., MoVTe- or MoVSb-based catalysts [32]).
Then, the presence of Nb>" in Mo-V-Te-Nb-O M1 oxide minimizes the
overoxidation of the olefin by the decrease in the density of acid sites ,
being essential to achieve high yields to ethylene, as it was previously
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Fig. 10. Variation of selectivity to ethylene at an ethane conversion of 50 % for MoVO, MoVTeO and MoVTeNbO catalysts heat-treated at 400, 500 or 600 °C. Note:
catalysts presenting M1 phase, except MoV-600 (MosO,4-based crystalline phase), and MoVTeNb-400 and MoVTeNb-500 (pseudocrystalline phase). Black bars

correspond to error bars.
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reported for the selective propane oxidation to acrylic acid [13,16,30].

Therefore, all together the M1 phase, the specific composition of Nb-
containing materials, and the catalyst activation temperature of ca. 600
°C (as occurs in sample MoVTeNb-600) favour and are key factors for a
higher stabilization of V** sites with the presence of an optimal V*t/v>+
ratio on the surface of the catalyst. Then, and as a consequence of the
optimized amount of surface V** species, other factors such as the
density of oxygen vacancies and the charge transfer resistance may also
play an important role in the catalytic performance. Thus, by controlling
these other factors further increases in the selectivity towards ethylene
have been obtained.
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