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Undoped and Te-doped MoV-Oxide (M1 phase) catalysts have been prepared hydrothermally (Te/Mo ratio in the
synthesis gel from 0 to 0.17; and heat-treated at 400 or 600°C in Ny atmosphere), characterized by several
physicochemical techniques and tested in the oxidative dehydrogenation (ODH) of ethane. The morphology and
microporosity of the catalysts, the nature of V-species on the catalyst surface and the catalytic performance
strongly depend on the composition and the heat-treatment temperature. When calcined at 400°C, the selectivity

to ethylene decreases when the amount of tellurium increases, whereas when heat treated at 600°C, the selec-
tivity to ethylene increases when the Te-loading increases. These trends have been explained on the basis of the
good correlation between selectivity to ethylene and the concentration of V** species on the surface of catalysts,
in which the most selective catalyst is that prepared with a Te/Mo ratio of 0.17 and heat-treated at 600°C.

1. Introduction

In the last years, the petrochemical industry has attracted a lot of
attention since the decreasing use of fossil fuels and the increasing
concern about global warming strikes most part of the society. Within
the petrochemical industry, the production of light olefins such as pro-
pylene and, more significantly, ethylene are specially challenging
because they are the main feedstock for polymer production, being
polyethylene the most produced plastic polymer in the world with
production rates beyond 200 million tons per year [1,2].

Nowadays, the manufacture of short chain alkenes is carried out
through highly-energy consuming processes called steam cracking (py-
rolysis of hydrocarbon streams) and/or fluid catalytic cracking (FCC)
[2-5]. These processes (especially steam cracking), as a result of their
endothermic nature, can lead to the production of up to 1.8 kg of CO2 per
kg of ethylene synthesized, which is fairly against the principles of
Sustainability. On top of this, the demand of ethylene is expected to
increase in the coming years, so that a lot of effort is being put on the
development of new processes that could potentially replace those
mentioned above in the medium term.

* Corresponding authors.

A different approach is the direct catalytic transformation of the
corresponding alkanes in the presence of oxygen into the desired al-
kenes. This advantageous process, called oxidative dehydrogenation
(ODH) [6-10], is exothermic, which results into lower reaction tem-
peratures (around 400°C, compared with 700-800°C required for steam
cracking) and it does not produce coke, in addition to the catalyst being
regenerated in-situ by the air/oxygen stream present in the reaction
environment.

At the moment, multicomponent MoVTeNbO mixed metal oxides
presenting the orthorhombic crystalline phase, (Te0)2M200s¢ (M= Mo,
V, Nb), the so-called M1 phase, show the best catalytic performance for
the oxidative dehydrogenation of ethane (ODHE) [11-20]. For instance,
the M1-MoVTeND oxide is the catalyst that has presented the best per-
formance in terms of selectivity (>90% in a large range of conversions)
and yield to ethylene (i.e. 75% yield) [11,12]. In addition, MoV-oxide
presenting the M1 phase has been also proposed as active and selec-
tive catalysts in ethane ODH, although with relatively low thermal sta-
bility [21-24]. Recent changes in catalyst preparation procedure have
been also proposed, although low influence on the selectivity to ethylene
has been reported [25-30].
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M1-containing MoV(Te,Sb)NbO catalysts were initially proposed as
active and selective materials in the partial (amm)oxidation of propane
to acrylonitrile and acrylic acid [31-38], which seems to be more
effective in (amm)oxidation of propane than the corresponding Mo-V-O
catalysts [35,39-41].

Mo-V-Te-O based catalysts present intermediate catalytic behaviour
between MoVO and MoVTeNbO catalysts in propane (amm)oxidation
[34,38-45]. In this case, it has been proposed that Mo and V are essential
elements for the structure formation and catalytic activity, whereas the
Te atoms are directly involved in the selective activation of allylic hy-
drogens in propylene, then optimizing its transformation to acrylonitrile
or acrylic acid [37-40].

However, little is reported on the catalytic performance of Mo-V-Te-
O catalysts for ethane ODH [46-48]. As a general fact, high selectivity to
ethylene is achieved over samples heat-treated at 600°C [48], but there
is not available information about the effect of tellurium at low
heat-treatment temperatures.

In this paper, we present, for the first time, the synthesis of Te-doped
MoV-Oxide catalysts (with Te/Mo at. ratio between 0.01 and 0.17),
presenting M1 phase, and their characterization, in order to establish the
role of the tellurium atoms on crystal morphology, thermal stability and
surface composition of catalysts as well as on the catalytic behaviour for
the oxidative dehydrogenation of ethane to ethylene. The influence of
both the Te-loading and the heat-treatment temperature has been
studied. For comparison, it has been also studied the synthesis and
catalytic performance of pure MoV-Oxide catalyst presenting M1 phase.

2. Experimental
2.1. Preparation of catalysts

Te-doped MoV-Oxides have been prepared following the hydro-
thermal synthesis reported elsewhere for Mo-V-Te catalyst [44]. A
typical procedure consisted of mixing the metal precursors, i.e.
Ammonium Heptamolybdate Hydrate (HMA, 99%, Merck), Vanadyl
Sulfate Hydrate (VOSOg4, 97%, Sigma Aldrich) and Tellurium Dioxide
(TeOs, 99%, Aldrich) with a Mo/V/Te molar ratio of 1/0.37/x (x =
0.01-0.17). The final pH of these gels was adjusted to ca. 2. The syn-
thesis gels were transferred to a teflon vessel coated by a stainless-steel
autoclave which was kept at 175°C for 72 h. The resulting crystals were
filtered off under vacuum conditions, washed with distilled water (2
x500 mL) and dried overnight. They were washed afterwards with
H203, 15 wt% for two hours (15 mLy202:1 gsolid), and then filtered. The
activation step was a heat-treatment under N5 stream at 400 or 600°C
for 2 h with a heating ramp of 10°C/min or 3°C/min, respectively.

For comparison, a Te-free Mo-V-O oxide was prepared hydrother-
mally by a procedure similar to that previously proposed [21], with a pH
of the synthesis gel of ca. 3. In this case, the purification step (i.e. washed
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with H,05 as indicated above, and filtered) took place after the thermal
activation in order to improve the purity of the M1 phase. The activation
step was again a heat-treatment under N stream at 400°C or 600°C
using the same conditions as for the Te-containing catalysts mentioned
above.

The as-synthesized samples and those heat-treated at 400°C or 600°C
were named as AS-x, F-x and S-x, respectively, in which “x” is the Te/Mo
ratio in the synthesis gel. The characteristics of catalysts are shown in
Table 1 and Table S1.

2.2. Characterization of Catalysts

Ny adsorption isotherms were performed in a Micromeritics ASAP
2000 apparatus, where samples were degassed under vacuum conditions
before adsorption. The specific surface area was determined using the
BET method, whereas the micropore volume was estimated using the t-
Plot method. CO2 adsorption isotherms at 25°C were also obtained on
the same apparatus in order to study the microporosity of catalysts.

Powder X-ray diffraction patterns (XRD) were collected in a PAN-
analytical X'Pert PRO diffractometer with an X'Celerator dectector,
using Cu-Kyjf, radiation, in Bragg-Bretano geometry.

Crystal morphology was analysed by Scanning Electron Microscopy
(SEM) in a JEOL 6300 Microscope working at a voltage of 2 kV. Average
chemical composition of the samples was determined by energy-
dispersive X-ray spectroscopy (XEDS) with an Oxford LINK ISIS system
attached to the microscope. Each spectrum was recorded at a counting
time of 120 s.

Microstructural characterization was performed by High Resolution
Transmission Electron Microscopy (HRTEM) on a JEOL JEM300F elec-
tron microscope by working at 300 kV (point resolution of 0.17 nm).
Crystal-by-crystal chemical microanalysis was performed by energy-
dispersive X-ray spectroscopy (XEDS) in the same microscope equip-
ped with an ISIS 300 X-ray microanalysis system (Oxford Instruments)
with a detector model LINK “Pentafet” (resolution 135 eV). Samples for
transmission electron microscopy (TEM) were ultrasonically dispersed
in n-butanol and transferred to carbon coated copper grids.

Infrared spectra were recorded in the 400-4000 cm ™! region at room
temperature by using a Nicolet 205xB spectrophotometer at spectral
resolution of 1 cm ™! and 128 accumulations per scan. Previously, all the
samples were milled and mixed with KBr (spectroscopic grade) and
pressed into pellets.

Raman spectra were performed with an inVia Renishaw spectrom-
eter with an Olympus microscope hitched, and the wavelength was set to
514.5 nm (generated with a Renishaw HPNIR laser with a power of 15
mW on the sample).

Temperature-programmed reduction (TPR-Hy) experiments were
carried out in a Micromeritics Autochem 2910 gadget, equipped with a
TCD detector. The reducing gas composition consisted of 10% H diluted

Table 1

Characteristics of Te-doped MoV-Oxides catalysts.
Catalyst Te/Mo ratio Ny-adsorption COy-adsorption H,-TPR TPD-NH3

in the synthesis gel ~ Surface area (m?g~')*  T-plot Micropore volume (10°.cm®/g)"  Surface area (m?>g~')  TMR (°C)"  NHj desorption (umolyps/gead)”

F-0 0.00 35.2 10.9 68.9 465 551.8
F-0.01 0.01 60.0 16.9 n.d. 450 nd
F-0.05 0.05 44.4 15.4 73.7 412 649.1
F-0.10 0.10 45.0 4.7 62.0 408 640.2
F-0.17 0.17 20.3 2.5 45.8 400 167.0
S-0 0.00 7.2 1.7 n.d. n.d. 123.2
$-0.01 0.01 17.9 2.8 n.d. 470 n.d.
S-0.05 0.05 12.9 3.5 35.6 479 186.4
S-0.10 0.10 135 3.0 27.8 517 121.8
S$-0.17 0.17 7.9 1.9 28.3 502 160.8

@ Surface area and Micropore volume were calculated by BET and t-Plot methods, respectively, after N, adsorption isotherm;
> TMC= Temperature, in °C, of the maximum hydrogen consumption during TPR experiment.
¢ Amount of ammonia chemisorbed at 100°C during the NH3-TPD experiment, per gram of catalyst (measured in standard temperature and pressure).
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Fig. 1. XRD patterns (A, B) and FTIR spectra (C, D) of catalysts, heat-treated at 400°C (A, C) or at 600°C (B, D). Samples prepared with Te/Mo ratio in the synthesis
gel of: 0.0 (a); 0.01 (b); 0.05 (c); 0.10; (d) or 0.17. Symbols: (Mog.93V0.07)501400 (D).

in Ar, with a total flow rate of 50 mL/min. Samples were heated until
600°C, at a 10°C/min heating rate.

XPS analysis were carried out on a SPECS spectrometer equipped
with a Phoibos 150 MCD-9 detector using a monochromatic X-ray source
(Al Kyjf- 1486.6 €V) and recording spectra via analyser pass energy of
50 eV, an X-ray power of 100 W, and operation pressure of 10~° mbar.
Data was treated by using CASA XPS software, with binding energies
referenced to C Is at 284.5 eV.

Temperature programmed desorption of ammonia (TPD-NH3) ex-
periments were performed in a Micromeritics TPD/2900 equipment.
About 50 mg of sample was heated at 300°C, under argon flow, for 1 h.
Cooled down to 100°C and afterwards saturated with ammonia. Then,
samples were kept under inert gas flow at 100°C for 15 min in order to
desorb the physically adsorbed NHs. The TPD analysis was carried out in
the 100-500°C temperature range, using a heating rate of 10°C, while
desorbed NH3 was analysed by both a mass spectrometer and a thermal
conductivity detector analyser.

2.3. Catalytic tests

Catalytic tests for the ODHE were conducted in a tubular isothermal

flow reactor, with temperatures ranging from 300 to 400°C. A reaction
mixture of C;Hg/Oz/He with molar ratio of 5/5/90 was fed to the
reactor, varying contact times by modifying the total flow and/or the
loading of catalyst (25-100 mL min™ and 0.05-1.00 g, respectively).
The catalytic bed kept a constant volume by adding different amounts of
silicon carbide mixed with the catalyst. Reaction products were followed
by gas chromatography, with the chromatograph consisting of two
packed columns [48]: i) a molecular sieve 5 A (2.5 m) and ii) a Porapak
Q (3 m). Blank tests showed no catalytic activity for the temperature
range studied.

3. Results and discussion
3.1. Physicochemical characterization of catalysts

The main characteristics of the catalysts, samples heat-treated at
400°C or 600°C in Ny atmosphere, are presented in Table 1.

XRD patterns of as-synthesized samples (AS-series) show the pres-
ence of all characteristic diffraction peaks of the orthorhombic M1 phase
(i.e., peaks at 20= 6.7°, 7.9°, 9.0°, 10.8°, 23.0° and 27.3°) (Fig. S1,
supporting information). This demonstrates that M1 phase is the main
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constituent of catalysts in the presence/absence of tellurium, in agree-
ment to previous results [20-24,42-48]. On the other hand, the ther-
mogravimetric analyses of as-synthesized samples are shown in Fig. S2.
In general, these samples present weight losses, in the region between 50
and 200°C and between 250 and 400°C, which are related to the loss of
H20 and HyO/NHs, respectively. In addition, it is observed that the
weight loss in the temperature range of 250-400°C decreases with the
increase of Tellurium in the catalyst.

The XRD patterns of catalysts heat-treated at 400°C (F-series) and
600°C (S-series) are presented in Fig. 1. All catalysts heat-treated at
400°C presented M1 phase as majority, although the presence of other
crystalline phases as minority can be observed depending on the Te-
content and/or the activation temperature.

Thus, in the case of F-0, the M1 phase is the main crystalline phase,
with no appreciable formation of other crystalline phases. The catalysts
with different Te-contents maintain the structure of the M1 phase in
samples heat-treated at 400°C (Fig. 1 A), probably due to the high sta-
bility of the Te-O chains in the hexagonal channels [35,38,41,50].

On the other hand, several changes have been observed for catalysts
heat-treated at 600°C (Fig. 1B). Then, in the case of the Te-free sample
(S-0) the main crystalline phase discriminated is (Mog.93V0.07)5014, with
diffraction peaks at 20= 22.3, 25.0, 31.6 and 33.7° [26,33,49-51].
Diffraction peaks of the M1 phase can be also detected although with
very low intensity. Conversely, the M1 phase is almost the only crys-
talline phase observed in all the Te-containing catalysts, with the minor
presence of (Mo0g.93V0.07)5014 or (Vo.95M0g.97)Os. Accordingly, this in-
dicates that the presence of Te*" atoms strongly improves the thermal
stability of the M1 phase (up to 600°C), even in samples with very low
Te/Mo ratios [49,51].

Fig. 1 Cand 1D show the IR spectra of F- and S-series, respectively, in
the low frequency region (1100-500 cm™1). Bands at 603, 653, 714, 866
and 919 cm ™! for both series indicate the presence of the M1 phase, as
previosly reported [33,44,52]. Specifically, the signal at 919 cm™! cor-
responds to (Mo,V)-O (terminal oxygen) bond, whilst signals at 603,
653,714 and 866 cm ! correspond to antisymmetric Mo-O-X vibrations,
where X—Mo, Te. In the case of the S-series, a new signal at wave-
number 896 cm™! appears in $-0.01, S-0.05 and S$-0.10, being very
weak for $-0.17, which corresponds to the minor presence of the
TeMos016 phase [33], in addition to further signals at 820 em ! and
990 em ™!, which correspond to MoOs [33], appearing the latter also in

J
100nm
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the sample with the highest tellurium content treated at 400°C (F-0.17).

Raman spectra of both series confirm the above results (Fig. S3).
Accordingly, for all catalysts, it can be observed a main band at ca.
869 cm %, related to the M1 phase [53-55], although well defined sig-
nals at 993 and 819 cm ™! (attributed to the minor presence of MoOs in
the catalyst [56,57]) are also observed for sample F-0.17. In the case of
the catalysts of the S-series with low and medium Te-loading (i.e.
samples $-0.01 to $-0.10), an additional weak peak at ca. 987 cm ™! is
observed, which is associated with the minor presence of the pseudo-
hexagonal TeMos0;6 phase [33].

Samples were further investigated by high resolution transmission
electron microscopy (HRTEM) and the results were compared with those
observed in the FESEM images. Fig. 2 (A to E) shows the two types of
micrographs for samples of F-series. The similarity in crystal
morphology can be observed through the series and the characteristic
rod like morphology is easily recognized for any composition in the
FESEM images. However, HRTEM images show significant differences.
The low magnification image on Fig. 2 F corresponds to F-0 catalyst; it
can be observed that rods are actually formed by nanocrystallites that
start assembling to become single crystal rods. When introducing
tellurium, even from the lowest concentration, particles are in fact
bunches of coalescent rod-like crystallites which progressively grow for
increasing tellurium amounts. Right-side images on Fig. 2 (HRTEM
micrographs A to E) illustrate this observation and the coalescence of
bigger crystals gives rise finally to single crystal rods in F-0.17 catalyst.
Thus, the incorporation of Te in the structural framework modifies the
crystal growth mode and crystallinity. HRTEM images on S-series, do
not show significant differences associated to Te content, crystals
differing only in size but always maintaining the same morphology.
Fig. S8 shows selected FESEM micrographs corresponding to charac-
teristic samples of the S-series. Features observed in the crystals growth
habit are in agreement with all the above although in the case of S-0,
different crystal morphologies associated with the thermal decomposi-
tion of M1 were observed.

The specific surface area of Te-doped MoV-Oxides catalysts was
studied by N5- and CO5-adsorption isotherms (See Table 1 and Table S1,
and Figs. S4 to S7). In order to estimate both the BET surface area and
the micropore volume values, the t-Plot method was applied to the No
adsorption isotherms [20,23,30,58,59]. Results for F-series and S-series
of catalysts are presented in Table 1 (and Figs. S4A and S4B), while the

Fig. 2. (A-E) FE-SEM (left) /HRTEM (right) micrographs of catalysts F-0, F-0.01, F-0.05, F-0.10 and F-0.17, respectively. (F) Low magnification TEM image showing

a group of crystals of F-0.
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Table 2
XPS of Te-free and Te-containing Mo-V-O catalysts.

Catalyst Mo/V/Te atomic XPS results
ratio
EDX XPS Mo®"/ Te*t/ vty Me/O
Morotal Terotal Viotal ratio
(%) (%) (%)
F-0 0.73/ 0.86/ 100 0 73.4 22.0/
0.27/ 0.14/ 78.0
0.00 0.00
F-0.01 0.73/ 0.86/ 100 100 64.3 27.3/
0.26/ 0.13/ 72.8
0.02 0.02
F-0.05 0.70/ 0.80/ 100 100 59.0 31.6/
0.26/ 0.16/ 68.4
0.04 0.03
F-0.10 0.70/ 0.80/ 100 100 52.7 32.3/
0.25/ 0.15/ 67.7
0.05 0.05
F-0.17 0.73/ 0.85/ 100 100 43.7 32.5/
0.19/ 0.07/ 67.5
0.08 0.08
S-0 n.d. 0.89/ 100 0 34.4 31.2/
0.11/ 68.8
0.00
$-0.01 0.71/ 0.85/ 100 100 20.3 28.7/
0.28/ 0.14/ 71.3
0.01 0.01
$-0.05 0.70/ 0.82/ 100 70.4 19.5 31.0/
0.27/ 0.15/ 69.0
0.03 0.03
S-0.10 0.71/ 0.81/ 66.2 65.8 61.9 31.9/
0.25/ 0.14/ 68.1
0.05 0.05
S-0.17 0.73/ 0.82/ 100 100 62.6 31.9/
0.21/ 0.14/ 68.1
0.06 0.04

corresponding t-Plot calculations are presented in Figs. S5A and S5B.

Differences in surface area along the series are significant, the
maximum being obtained for F-0.01 and then a slight decrease for F-
0.05 and F-0.10 samples, the value for F-0.17 being the lowest (see
Table 1 and Fig. S6). The observed variations are in accordance with the
microstructural characteristics of catalysts and follow a similar sequence
than that of the micropore volume. Thus, access to micropores seems to
be optimal in F-0.01. However, although small tellurium amounts may
be sufficient to favour M1 crystallization, it is not large enough to cause
appreciable blockage of the hexagonal and heptagonal cavities, resulting
in the highest volume of micropore of the series.

Noteworthy, for samples heat-treated at 400°C, BET surface areas
increase initially when tellurium content increase, showing a maximum
for the sample F-0.05. Indeed, very little tellurium promotion of the M1
phase (i.e. F-0.01 and F-0.05) leads to surface areas ca. 1.5-2 times
bigger compared to that obtained for F-0 (35.2 and 60.0 m? g! for
samples F-0 and F-0.01, respectively). However, higher Te-contens
cause a decrease of the surface area. For instance, the surface area of
F-0.17 is ca. 1.7 times lower than that of F-0 (Table 1). Therefore, it is
suggested that high tellurium contents will block hexagonal channels
but also partially the heptagonal channels of the M1 structure [49],
resulting in a decrease in the surface area. In any case, the hydrothermal
synthesis of this type of oxides can lead to materials with low or high
surface area depending on the composition of the material and the
thermal activation procedure [21-24,44,59].

Interestingly, significant differences are also observed in the micro-
pore volume, where these values initially increase with the tellurium
content up to F-0.05, and then, the micropore volume values drastically
decrease (Table 1). In fact, although maintaining a considerably large
surface area, the micropore volume for the sample F-0.10 decreases
drastically, suggesting that, from this composition, a greater proportion
of the heptagonal cavities are blocked and/or may be due to changes in
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the morphology of particles.

On the other hand, and as a consequence of the thermal activation,
larger differences are observed for F-0, where a pure M1 phase leads to a
BET surface area of 35.2 m%/ g, in contrast to S-0, with very low surface
area (7.2 m?/g). Although comparable values were obtained for F-0.17
and S-0.17 samples (Table 1), both surface area and micropore volume
values for the S-series are much lower compared to those obtained for
the F-series, where the biggest differences were found for the Te/Mo
ratios of 0.01 and 0.05. Thus, the micropore volume values are ca. 6
times higher for the F-series than for the S-series.

The above results show that this low activation temperature (400°C)
leads to materials with higher micropore volume [21-23,59,61], espe-
cially the ones with lower tellurium content.

In order to get further insights into the microporous characteristics of
the M1 phase oxides, CO, adsorption isotherms were recorded for the
most representative catalysts. Although the use of CO2 also has some
drawbacks, the use of CO, isotherms is an interesting alternative for
materials with very small pores in which the molecules of Ny cannot
access at cryogenic temperatures [60-63]. Experimental isotherms are
plotted in Fig. S5, and values of surface area and micropore volumes are
presented in Table 1. In this sense, by using CO3 as a probe molecule
instead of Ny, a more appropriate set of values for both the surface areas
and the micropore volume of materials with small micropores can be
obtained [22,58]. In addition to this, a non-microporous material such
as molybdenum trioxide (i.e. a-MoOs3) was used as a reference to
ascertain the speculated microporosity of the materials.

The highest adsorption occurs by adding small amounts of tellurium
into the catalyst (F-0.05), and this adsorption slightly decreases when
increasing tellurium content (F-0.10), to a point that the sample adsorbs
less than the catalyst without tellurium in the structure, as in the case of
F-0.17 (Fig. S7-A). Nevertheless, if the tellurium content keeps rising, all
the hexagonal channels would be filled with -O-Te-O- chains, resulting
in the less microporous nature of F-0.17. However, very low micropo-
rosity is observed in samples heat-treated at 600°C (Fig. S7-B), in
agreement with previous results [44].

In addition to this, it must be noted that surface areas values for the
CO4 adsorption isotherms are significantly higher than those obtained
with the Ny adsorption isotherms, in all cases, being almost the double
and even more. For instance, a value of 68.9 m? g~! is obtained from
COsq-adsorption for F-0, whereas 35.2 m? g’1 is the value obtained from
Ny-adsorption. These results highlight the marked microporosity nature
of the samples that present the M1 crystalline phase. This is in agree-
ment with previous results reported on MoV oxides [21-24,59] and
MoVTeNb-mixed oxides [59] containing M1 phase which show
one-dimensional micropores of size similar to CoHg but much smaller
than CgHiy [22,59], and in which the catalyst preparation methods
significantly affect their elemental composition but also the accessible
micropore volumes and surface areas [21-24,59].

The near surface region of catalysts of both the F- and the S-series
were also studied by XPS and analytical results are comparatively pre-
sented in Table 2. Fig. 3 shows the XPS spectra of the V 2ps,, core level
for the F-series (Fig. 3A) and the S-series (Fig. 3B) catalysts. All catalysts
presented two classical signals related to the simultaneous presence of
V* (B.E. of 515.9 eV) and V>* (B.E. of 517.0 eV) species [28,33,36,39,
64-68]. However, clear differences can be discriminated in both set of
catalysts depending on the composition and the thermal activation of
the sample.

On one hand, by looking at the samples heat-treated at 400°C, the
relative intensity of the V>* signal increases with the tellurium content,
thus being the predominant in the F-0.17 sample, whereas V** species
seems to be the major species in F-0. Therefore, lower tellurium contents
seem to favor an enrichment in V** species.

On the other hand, V 2ps/2 core level results for the catalysts heat-
treated at 600°C show the opposite trend (Fig. 3B). In this case, V°©
species were majority in the samples with the lowest tellurium contents.
Increasing tellurium amounts led to a higher concentration of V**,
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Fig. 3. V 2p3,, (A, B) and Te 3ds,2 (C, D) XPS spectra of catalysts heat-treated at 400°C (A, C) or 600°C (B, D).

obtaining its highest relative intensity in the sample S-0.17. Therefore,
in this set of catalysts, it is suggeted that the presence of tellurium may
avoid the segregation of V°* species in the hexagonal channels, espe-
cially at higher activation temperatures, as proposed for MoV-O cata-
lysts [24,66].

Fig. 3 C and 3D show the XPS spectra of the Te 3ds/, core level an-
alyses of the F- and S-series, respectively. For the catalysts heat-treated
at 400°C, a single symmetrical signal centered at 576.3 eV is observed,
suggesting the unique presence of Te*t species into the structure [27,
33]. Likewise, an unique signal can be deconvoluted for the catalysts of
the S-series, as can be seen in Fig. 3D.

Mo 3d core level spectra for catalysts heat-treated at 400 or 600°C
are shown in Figs. 4A and 4B, respectively. For the F-series (Fig. 4A), a
single signal with two components at ca. 232.5 eV, assigned to the Mo
3ds,2 core level, and a second component corresponding to Mo 3dsz 2
core level, with spin orbit component separated by 3.15 eV, is seen for
all the catalysts, corresponding to Mo®* species as reported elsewhere
[27,28,33,66-69]. Similarly, Mo 3d signals for the S-series showed only
one signal related to the presence of Mo®" (Fig. 4B).

Fig. 5 shows the variation of the Te/Mo and V/Mo ratio with the Te/

Mo proportion in the synthesis gel as determined by EDX (Fig. 5A) and
XPS (Fig. 5B) for the F-series. In all cases, the Te/Mo ratio increases
when increasing the Te-content in the synthesis gel. However, the V/Mo
ratio presents a maximum for samples with Te/Mo ratio in the synthesis
gel of ca. 0.05, decreasing for higher Te/Mo synthesis ratios. Accord-
ingly, the presence of Te*" cations in the catalyst, which are mainly
incorporated from the synthesis in the hexagonal channels forming —Te-
O-Te infinite chains [32], disfavours the incorporation of V in the hex-
agonal positions, as suggested for Te-free MoVO (M1) catalysts [24,67].
Furthermore, similar relationships for the catalysts of the S-series are
presented in Fig. 5C (EDX) and Fig. 5D (XPS). In those figures, it can be
seen the same trend observed for the F-series, although less marked, due
to the loss of tellurium associated to the severe thermal treatment for
these catalysts. Nevertheless, it must be noted that, unlike the reference
catalyst calcined at 400°C (i.e. F-0.17), the amount of V species deter-
mined by XPS in the $-0.17 catalyst does not drastically decrease, sug-
gesting that, in this catalyst (controlling both the composition and, more
importantly, the activation temperature) there is not a blockage of the
vanadium cations by the incorporation of tellurium into the structure.
On the other hand, and according to HRTEM results (Fig. 2) and
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adsorption of Ny and CO (Figs. S5 and S7, supplementary information),
the incorporation of small amounts of tellurium favours changes in the
crystal growth and microporosity. In this sense, surface area initially
increases when a small amount of tellurium is added (i.e. Te/Mo in gel of
0.01) and then it declines when increasing the Te-content. Moreover,
those catalysts prepared with Te/Mo ratio in the synthesis gel between
0 and 0.05 show the highest proportion of micropore area, especially
that with Te/Mo ratio of 0.05, in which 73% of its area corresponds to
micropore.

Therefore, the presence of a relatively low amount of Te*" atoms in
the hexagonal channels seems to be very important to increase the
thermal stability of the orthorhombic M1 phase catalysts. Then, as
observed in Fig. 1B, in the Te-containing catalysts the M1 phase remain
as the main crystalline phase for samples heat-treated at 600°C. How-
ever, for the corresponding Te-free catalyst, sample S-0, the M1 phase is
transformed into other mixed metal oxides, (Mo,V)5014-type during the
heat-treatment at 600°C (Fig. 1B, pattern a).

Fig. 6 shows the Hy-TPR profiles of the catalysts of F-series (Fig. 6A)
and S-series (Fig. 6B). For the F-series, the temperature for the first
reduction peak decreases when increasing the tellurium content in the
catalyst (Table 1 and Fig. 6A), thus appearing from 470°C (for F-0) to
420°C (for F-0.17). However, for catalysts in the S-series, the differences
in the temperature of the first reduction peak are negligible (Fig. 6B).

It must be noted that, for the F-series, the onset of the reduction
temperature decreases when increasing the Te-content. An opposite
trend for the onset and maximum temperature is observed in the case of
the S-series, where the temperature at which the reduction starts follows
the trend: $-0.01 < S-0.05 < S-0.10 < S-0.17. In addition to this, the
reducibility of the samples treated at 400°C (F-series) seems to be higher
than those observed in catalysts of the S-series, since a clear reduction
profile of F-series catalysts starts to be seen at temperatures around
300°C, in contrast with catalysts of the S-series, in which that reduction
barely starts around 400°C.

Furthermore, acidic characteristics of catalysts have been studied by
NH;3-TPD. It is well known that acid properties of M1-based catalysts
strongly depend on the catalyst composition [67,68]. The NH3-TPD
profiles for F- and S-series are displayed in Figs. 6C and 6D, respectively,
wheras the ammounts of NHj3 adsorption on these catalysts are
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presented in Table 1. It must be noted that these results have been
normalized by BET surface area (Fig. 6, C and D), whereas those
normalized per weigth of catalyst are shown in Fig. S10 (supplementary
information).

For catalysts heat-treated at 400°C, the highest number of acid sites
(which corresponds with the greater amount of NHj3 desorbed, see
Table 1) is reached for the catalyst without Te (F-0) when normalized
per surface area (Fig. 6C) and for F-0.05, if normalized per mass of
catalyst (Fig. S10). Additionally, a shift towards lower temperature of
the maximun of ammonia desorption is observed for samples with high
Te-content, which means that the amount of tellurium also influences
the strength of the acid sites. Therefore, both the number of acid sites
and their strenght decrease when increasing tellurium content.

The amount of NHs desorbed follows a similar trend in the S-series
(Fig. 4D), if we take the values normalized by BET surface area, although
they are fairly lower than those of the F-series (Fig. 4C). Especially
notorius is the case of the sample S-0.17, which is not only the one
presenting the highest amount of ammonia desorbed of the series, but
also the ammonia desorbed is more than two times that of its F-coun-
terpart. In addition to this, it must be noted that the Te-free catalyst (S-
0), presents a higher amount of ammonia desorbed than F-0, despite the
decomposition of the M1 phase, althought the plot may look different as
a result of the normalization. Moreover, if a comparison is stablished
between the strenght of the acid sites in the samples treated at 400 and
600°C, it can be seen that the maximum shifts to lower temperatures in
the S-series counterpart (i.e. acid sites with lower acid strenght).

From all the above, it seems clear that the Te content has a strong
influence on crystal growth but also on the surface area and micropo-
rosity, these effects being more important in the case of samples heat-
treated at 400°C. In addition, an influence of the presence of Te on
the amount of surface V** species is also observed for catalysts heat-
treated at 600°C (Table 2). A similar influence of the heat-treatment
conditions on the concentration of surface V** species has been also
observed in the case of MoVTeNbO cataysts [44]. In this sense, it is re-
ported that V** species tend to locate around hexagonal and heptagonal
channels [49] which is where tellurium atoms are placed, thus hindering
the access to the microporosity. Therefore, the greater the amount of
tellurium present for samples heat-treated at 400°C, the lower is the
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accesibility of the V** species, this way weakening the acid properties of
the catalyst.

3.2. Catalytic results of MoVTe, samples

Te-free and Te-containing Mo-V-O catalysts have been studied in the
ethane ODH, in the 350-400°C reaction temperature range. The cata-
lytic results at a contact time, W/F, of 16.0 (F-series) or 65.0 gcat h
(molcane) ™! (S-series) are comparatively shown in Table 3. It can be
seen that the catalytic activity per gram of catalyst is remarkably higher
in the case of the catalysts heat treated at low temperature.

Fig. 7 shows the variation of the specific activity (activity normalized
per surface area) with the Te/Mo atomic ratio in the synthesis gel for
catalysts heat-treated at 400°C (Fig. 7A) or 600°C (Fig. 7B). The higher
activity of the F-series is related to the larger surface area, but other
factors must be present since, on average, the specific activity is still
around one order of magnittude higher than in the S-series (except for
samples with high Te-loading). Unexpectedly, in the catalysts with the
highest Te-loading the specific activity is higher if the heat-treatment
temperature is 600°C. Considering both series separately, the catalytic
trends are different. Thus, in the F-series, the specific activity firstly
increases with the tellurium content until Te/Mo= 0.05 at. ratio, and
then it decreases for F-0.10 and F-0.17. However, for the S-series, a
continuous increase of the specific activity is observed when the Te-
loading increases. Fig. S11 also presents the evolution of the STYcona
(formation rate of ethylene), showing a similar trend to that observed
with the specific activity.

Fig. 8 shows the variation of the selectivity to ethylene with the
ethane conversion in isothermal conditions for samples heat-treated at
400°C or 600°C. It can be seen that the selectivity to ethylene presents

different values depending on the nature of the catalyst. The main dif-
ference lies on the initial selectivity (at low alkane conversions) since,
for all cases, drops with similar slopes are observed when increasing the
ethane conversion.

We have also studied the stability of two representative catalysts (F-
0 and S-0.17) with the reaction conditions of Table 3. For both catalysts
a highly stable performance, without apparent decrease of neither the
catalytic activity nor selectivity to ethylene, was observed after 8 h on
line.

3.2.1. Relationship between physicochemical properties of the catalysts and
the catalytic results

As shown above, both the Te-loading and the activation temperature
exert a determining role in the catalytic performance of MoVTeO cata-
lysts. However, both factors have to be considered together since,
otherwise, the trends observed are dissimilar.

Fig. 9A shows the variation of the selectivity to ethylene (at a fixed
reaction temperature and ethane conversion of ca. 40%) with the Te/Mo
at. ratio in the synthesis gel. Surprisingly, the effect of the amount of
tellurium in the catalyst over the selectivity to ethylene highly depends
on the heat-treatment temperature of catalysts (Fig. 8). In fact, both
catalysts series present an opposite trend. Then, for the catalysts heat-
treated at 400°C (F-series), lower contents of tellurium favor a higher
selectivity to ethylene, being the catalysts with he highest content (i.e. F-
0.10 and F-0.17) the ones that present the lowest selectivity to ethylene.
Nevertheless, for the S-series, the selectivity to ethylene increases as the
tellurium content increases: $-0.17 > S-0.10 > S-0.05 > S-0.01 > S-0.
A similar trend to that observed for samples F-0.17 and S-0.17 has been
also reported for propane oxidation over MoVTeO catalysts, in which the
higher the calcination temperature the higher the selectivity to acrylic
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acid was [44].

According to our results, it can be concluded that the incorporation
of Te*" in the framework of M1-phase changes the crystal growth mode
and crystallinity, thus modifying the surface area and the microporosity.
As a consequence, it has a determining influence on the catalytic
properties.

In the present article, it has been observed that the most selective
catalysts heat treated at 400°C are those that present the highest pro-
portion of micropore area. This observation is in agreement with that
suggested by Annamalai et al. [59], which observed that in the micro-
pores of the M1 phase the ethane molecule is more selectively activated
that in the external surface. This positive catalytic feature of the mi-
cropores of the M1 phase was ascribed to the Van der Waals stabilization
of tightly confined ethane and ethylene molecules, preventing the
O-insertion, with the consequent carbon oxides formation. This difficult
O-insertion was related to the curvature of the micropores and the steric
hindrance at bridging O-atoms [59,66]. However, this trend is not
clearly observed for the samples heat treated at 600°C, although the
catalyst with the highest proportion of micropore area is the one that
reaches the highest selectivity to ethylene.

The oxidation state of V species on the catalyst surface has been
reported to be related to the catalytic performance, especially to the

selectivity to ethylene [69,70]. Therefore, differences in the selectivity
to ethylene during the ethane ODH are expected when comparing the
catalysts of both series. In this sense, it has been proposed that, in
Mo-V-O (M1 phase), V atoms can be present in hexagonal channels when
the samples are heat-treated in an inert atmosphere, Ny or Ar [24,69],
whereas V is not present in the hexagonal channels when samples are
calcined in oxygen [22,24]. Vanadium migration into the hexagonal
channels seems to occur during the heat-treatment in the absence of
oxygen [24], or in the presence of steam [69].

On the other hand, by taking into account the changing micro-
structure and microporosity that occurs along the series, these results
may demonstrate that, in addition to chemical composition, micropore
volume plays a relevant role in the selectivity to ethylene of the catalyst,
probably related to the presence of certain active species in the prox-
imity of hexagonal/heptagonal cavities responsible for microporosity. In
this sense, it is reported that V#* tends to locate around those cavities
[38] and, in these series, the amount of V** varies inversely with the
tellurium content (for catalysts heat-treated at 400°C), which is pre-
cisely located in these cavities. Accordingly, for catalysts activated at
400°C, the concentration of V*' reaches a maximum when there is no
tellurium in the catalyst (sample F-0, Fig. 3A), a composition for which
maximum selectivity to ethylene at low conversions is achieved.
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Table 3

Catalytic results during the ethane ODH over Te-free and Te-containing catalysts.".
Catalyst W/F" Conversion Selectivity (%) Reaction rate STYcona"

(8cat h molci) (%) CoHy CcO CO, per area’

F-0 16 33.7 87.4 4.0 8.6 23.0 644
F-0.01 16 52.5 77.1 5.3 17.6 21.0 1058
F-0.05 16 58.8 80.2 5.2 14.6 32.8 1225
F-0.10 16 26.4 84.5 3.6 11.9 10.7 381
F-0.17 16 5.7 88.0 3.0 9.0 5.1 85.7
S-0 65 1.9 80.9 5.9 13.2 1.21 6.57
S-0.01 65 5.4 84.5 4.5 11.0 1.38 19.5
$-0.05 65 9.3 83.0 3.5 13.4 3.30 33.0
$-0.10 65 11.2 91.4 2.1 6.4 4.47 50.8
$-0.17 65 19.3 93.4 1.7 4.9 13.7 96.2

2 Reaction conditions: T = 390°C, C,Hg/O2/He molar ratio = 5/5/90.
b Contact time, W/F, in gcat h (molcome) L.

¢ Rate formation of ethylene per unit mass of catalyst, STYcon4 (space time yield), in gcona kgc’;t h™!. Determined at ethane conversions lower than 10%.
4 Reaction rate normalized per surface area (determined by Ny-adsorption) in 103 gcons m~2 h™. Determined at ethane conversions lower than 10%.
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However, for catalysts activated at 600°C, the concentration of V**
reaches a maximum for catalyst with all of tellurium atoms occupying
the hexagonal channels (sample S-0.17, Fig. 3B), as observed also for
M1-containing MoVTeNbO catalysts [44], as a consequence of the
interaction of V-atoms during the heat-treatment.

Fig. 9B presents the variation of the selectivity to ethylene (at 390°C
and isoconversion conditions, i.e ethane conversion of 40%) with the
V4+/Vtota1 on the surface of catalysts (determined by XPS, see Table 2).
According to these results, it can be concluded that the most selective
catalysts are those with the highest concentration of surface V4* species.

Then, in the present article, the incorporation of Te** cations into the
M1 structure produces a progressive modification in the crystal growth
mode which runs in parallel with a better crystallinity (Fig. 2). In
addition, it leads to the blockage of V** species onto the catalysts’
surface when the samples are heat-treated at 400°C, resulting in a
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Fig. 8. Variation of the selectivity to ethylene with ethane conversion during
the ethane ODH over undoped and Te-doped MoV-oxides catalysts heat-treated
at 400°C (A) or 600°C (B). Experimental conditions in text.

decrease in the selectivity to ethylene directly related to the amount of
tellurium in the catalyst. The positive role of V4* surface species is in
agreement with previous results [64,70,71]. Thus, Millet proposed that
the activation of the alkanes occurred on the vanadium sites located in
M?7 position of the M1 structure. Moreover, the catalytic activity of this
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site can be explained by the resonance form: Vo= 0% = v*.0 [70].
However, an excess of V°* in the M1 phase could favor combustion
reactions [64,70,71].

Finally, the initial presence of Te*" slightly modify the catalytic
performance of these catalysts. This is in agreement with recent results,
in which {Te-Ox} chains present in the hexagonal channels of M1
structure participate in the redox process of the catalyst [38,72-74].

Accordingly, Te-free and Te-doped catalysts present high selectivity
to ethylene, but their catalytic performance strongly depends on heat-
treatment temperature. Thus, for the catalysts heat-treated at 400°C,
low contents of tellurium (samples F-0.01 and F-0.05) favor a relatively
high selectivity to ethylene, where the lowest selectivity to ethylene can
be found for samples with higher Te-content (i.e. Te/Mo content in
catalysts of 0.05 < x < 0.10 as in F-0.10 and F-0.17). However, Te-
doped samples with Te/Mo ratios of ca. 0.05 present the highest rate
of ethylene formation, STYcon4 (Fig. 7 and Fig. S11), as a result of its
high catalytic activity (higher than those samples with less Te) man-
taining a high selectivity to ethylene.

The lower selectivity to ethylene of the catalysts with higher Te-
loading, F-0.10 and F-0.17, can be attributed to the large presence of
V> surface species, the low micropore area/external area ratio and also
to the formation of non-M1 phases such as MoOs (as observed by FTIR
and Raman).

In an opposite trend, the higher selectivity to ethylene of the cata-
lysts synthesized with the highest Te-loading and activated at 600°C, i.e.
$-0.10 and S-0.17, may be due to the preponderance of V** surface
species without the presence of additional non-desired crystalline phases
(as observed by FTIR and Raman) [75]. However, the low selectivity to
ethylene achieved by the Te-free catalyst (S-0) must be unequivocally
related to the scarce presence of the M1 phase.

4. Conclusions

Te-doped MoV-Oxide M1 catalysts, with 0.01 < Te/Mo at. ratio
< 0.17, have been prepared hydrothermally and heat-treated at 400 or
600°C in Ny, by using an optimized preparation procedure. They have
been compared to undoped MoV-Oxide M1 catalyst. Characterization by
XRD, IR and HRTEM confirm the presence of the M1 phase in all cata-
lysts, regardless of the composition and the activation conditions. The
presence of this phase is majority in all cases except in the case of the Te-
free MoV catalyst heat treated at 600°C which is minority. Thus, the
presence of Te (even at very low Te contents), strongly increase the
thermal stability of the M1 phase.
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The surface area and the microporosity of these materials decrease
with the heat- treatment temperature. Thus, the catalysts heat-treated at
400°C show high microporosity depending on the tellurium content. On
the other hand, catalysts heat treated at 600°C present lower porosity.
Therefore, the addition of tellurium leads to an initial increase in the
microporosity, achieving the maximum for Te/Mo ratios in the synthesis
gel of 0.01 and 0.05. However, further increase in the tellurium content
favours a decrease in the microporosity of these materials.

All the catalysts, Te-free and Te-containing MoV oxides, and heat-
treated at 400°C, present the M1 phase as the majority crystalline
phase. However, the presence of the M1 phase in the Te-free MoV
catalyst heat treated at 600°C is scarce. Interestingly, the incorporation
of Te atoms strongly increases the thermal stability of the M1 phase and
the presence of the M1 phase becomes preponderant. Surprisingly, this
effect takes place at very low Te-loadings (even at Te/Mo at. ratio of
0.01).

The observed results for ethane ODH of these catalysts suggest that
their catalytic performance strongly depends on the composition and the
heat-treatment temperature. For catalysts heat-treated at 400°C, the
highest catalytic activity is observed for samples prepared with the
lowest Te/Mo ratio in the synthesis gel, whereas for catalysts heat-
treated at 600°C the catalytic activity increases when increasing the
Te-content (probably as a consequence of the higher thermal stability of
Te-containing catalysts).

Changes in the selectivity to ethylene have been also observed for
these catalysts. Thus, for catalysts heat-treated at 400°C, the selectivity
to ethylene decreases in the following order (in parenthesis the Te/Mo
ratio in the synthesis gel): MoV > Te(0.01)MoV = Te(0.05)MoV > Te
(0.10)MoV > Te(0.17)MoV. However, for catalysts heat-treated at
600°C, the selectivity to ethylene decreases in the opposite trend: Te
(0.17)MoV > Te(0.10)MoV > Te(0.05)MoV = Te(0.01)MoV > MoV
(non-M1 structure). Overall, the most selective catalyst, especially at
high ethane conversions, is that prepared with a Te/Mo in the synthesis
gel of 0.17 and heat-treated at 600°C.

This divergent trend observed with the Te-loading depending on the
heat treatment temperature has been explained on the basis of the
different concentration of surface V** species. Then, a good correlation
between the selectivity to ethylene at high ethane conversion and the
concentration of V#* species on the catalysts’ surface is observed when
considering all the studied catalysts.

Then, the presence of Te*t in the M1 phase seems to stabilize the
formation of V** surface species for catalysts heat-treated at 600°C, as
observed also for the best MoVTeNbO catalysts [44], then favouring
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high selectivity to ethylene, preventing at the same time its deep
oxidation into COy.
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