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Molybdena/zirconia catalysts with surface densities, ns, in the range of 1.7-10.5 Mo/nm? were studied
by in situ Raman spectroscopy and simultaneous measurement of their catalytic performance for the oxi-
dative dehydrogenation of ethane at temperatures of 420-540 °C. Isolated monomolybdates [O=(Mo-0)4]
and polymeric MoOy units with distorted octahedral (CNpy, = 5) configuration coexisted on the support
at various proportions depending on loading; bulk Zr(MoQO4), crystals were formed at surface densities

Keywords: X o i
Mo03/Zr0O; catalysts E).(ceedmg the .monolayer (>7 Mo/nm?). The surface.composmon and the §tructural propertle's'of the
Ethane ODH dispersed species were found to respond to changes in the catalyst gas environment; by exploiting the

Raman band intensities, it was concluded that reduction of Mo=0 and Mo-O-Mo sites under steady
state-reaction or reducing conditions was facilitated with increasing loading and that the Mo=O0 sites
were perturbed and reduced to a greater extent compared with Mo-O-Mo. The selective reactivity to
ethylene was found to increase up to the monolayer coverage, with high ethylene selectivity persistent at
high conversions. The combination of structural and catalytic data revealed a concurrence between the
trends for the apparent activity per Mo atom and for the number of Mo-O-Zr bonds per Mo versus ns.
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The anchoring Mo-O-support bonds were shown to be of relevance for the catalytic activity.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

The catalytic dehydrogenation of alkanes is an attractive route
for the production of alkenes [1-5]. Both oxidative dehydrogena-
tion (ODH) [3,4] and direct dehydrogenation (DH) [5] can be used,
leading to comparable yields in olefins and losses in CO,. The ODH
process is favored thermodynamically at lower temperatures, and
the presence of O, controls the carbon deposition. But combus-
tion pathways to CO, limit alkene yields, especially at high alkane
conversions. Therefore, the design of selective catalysts is of great
importance for the efficiency of the ODH process. With respect to
this, it is of relevance to understand the catalytic processes from
the standpoint of reliable structure-function relationships.

Supported MoOs3 catalysts are important for the ODH of light
alkanes [6-12]. The performance of these catalytic systems (by far
inferior to V,0s5-based catalysts [12,13]) is strongly related to a
number of factors, including (i) the surface composition, (ii) the
local structure and distribution of dispersed MoOy species, (iii) the
nature and identity of the support, (iv) the molybdena phase load-
ing, and (v) parameters related to the catalyst preparation proce-
dures.
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Although the structures of supported MoOs catalysts have
been studied extensively, most of these studies pertain to Al;03-
supported catalysts [6,14-18]. Much less Raman work has been
done on the ZrO,-supported molybdena catalysts under condi-
tions of dehydration [18-20] and methanol oxidation [21]. The
structure of MoOs3/ZrO,-supported catalysts at dehydrated condi-
tions evolves from isolated monomers to larger polymolybdates,
for submonolayer coverages, depending on the Mo surface den-
sity [20]. Although a mono-oxo configuration is the most plausible
for the isolated species, experimental evidence has been pro-
vided to suggest both distorted octahedral (tetragonal pyramid)
0=Mo(-0-)4 [18] and distorted tetrahedral configurations [19].
The temperature of calcination appears to play a key role in the
configuration of the isolated species [20]. When exceeding the
monolayer limit, bulk MoO3 and/or Zr(MoQy), crystals are formed
on ZrOy, depending on the calcination conditions of the sam-
ple [20]. Structure-function relationships for MoO3/ZrO, catalysts
for the ODH of light alkanes remain scarce.

The advent of newly developed spectroscopic instrumentation
has enabled parallel advances in catalysis science of supported
metal oxides; the surface composition and structure of these ma-
terials has been extensively studied by in situ Raman spectroscopy,
which is a powerful tool for studying the structure of the dispersed
surface metal oxide species by probing the vibrational properties of
metal-oxygen bonds [22-24]. Moreover, the urge for establishing
structure-activity relationships has led to the development of mul-
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tioperational spectroscopic reactor cells [5], allowing catalyst mon-
itoring with simultaneous product analysis under actual reaction
conditions. The term “operando spectroscopy” has been coined to
describe the above strategy [25,26], and several recent articles have
demonstrated its potential and its value in catalysis research [27-
29]. Recently, we have been concerned with deriving structure-
function relationships in transition metal oxide-based supported
solid-phase catalysts [6,30-32], as well as supported molten salt
catalysts [33,34].

The present study aimed to gain insight into the behavior of
MoOs3/ZrO, catalysts for ethane ODH by exploring the surface com-
position and structure of the working catalysts by in situ Raman
spectroscopy with simultaneous catalytic measurements on the
same sample. The response of the catalyst constituent (MoOy),
species to alterations of the catalyst atmosphere at various load-
ings was studied by exploiting the relative Raman intensities of
the various bands. The effect of catalyst composition, operating
temperature, gas atmosphere, and reactant residence time on both
Raman spectra and catalytic efficiency was studied. Here we use
the data to discuss structure/activity-selectivity relationships for
ethane ODH over MoOs3/ZrO,-supported catalysts.

2. Experimental
2.1. Catalyst preparation and characterization

The catalysts were prepared by wet impregnation of ZrO, (Nor-
ton, 55 m?/g, monoclinic) with hot aqueous solutions of ammo-
nium heptamolybdate, (NH4)sMo7024-4H;0, Alfa), to ensure full
dissolution of the precursor. The amounts used corresponded to
weight loadings of MoOs; between 2% and 10%. Approximately
100 ml of the solutions were subjected first to rotation for 0.5 h
and then to rotary evaporation at 45°C under reduced pressure
for 1.5 h to remove the solvent. Then they were dried overnight at
140°C and calcined in air at 600°C for 4 h in a muffle furnace. Fi-
nally, the calcined catalyst powders were sieved to obtain particle
sizes in the range 125-180 pm.

Surface areas were measured by N adsorption using a Mi-
cromeritics Gemini Il 2370 analyzer and standard multipoint BET
analysis methods. Samples were degassed at 150 °C for 2 h before
measurement. Powder X-ray diffraction patterns were obtained at
room temperature using a Philips PW 1830 diffractometer and
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Table 1
Properties of the catalysts.
Catalyst MoOs3 SA Surface density,  Crystalline phases
(Wt) (m%/g)  ng (Mo/nm?)
2MoZr 2 48.7 1.7 ZrO, (monoclinic)
4MoZr 4 443 3.8 ZrO, (monoclinic)
5.5MoZr 5.5 44.7 5.2 Zr0, (monoclinic)
7MoZr 7 41.0 7.2 Zr0O, (monoclinic)
10MoZr 10 40.0 10.5 Zr0O, (monoclinic), Zr(MoOg4 )2

CuK« radiation. The catalyst characteristics are summarized in Ta-
ble 1. The samples are denoted by xMoZr, with x being the wt%
MoO3 catalyst loading.

2.2. In situ Raman spectroscopy with simultaneous GC analysis

An appropriate home made in situ Raman cell was designed and
constructed for the simultaneous monitoring of Raman spectra and
catalytic activity of the studied catalysts (Fig. 1). The reactor cell,
which had a gas inlet and a gas outlet as well as an entrance to
accommodate a thermocouple sheath, was made of quartz tubing
(6 mm o.d.; 4 mm i.d. and 10 mm o.d.; 8 mm i.d. for the central
larger part; see Fig. 1) and had a quartz frit to hold the catalysts
in place in a fixed bed (particle size, 125-180 pm). The reactor
cell was mounted in vertical position inside a double-walled quartz
glass transparent tube furnace (Fig. 1) mounted on a xyz plate that
allowed it to be positioned on the optical table. The inner furnace
tube was kanthal wire-wound to heat the reactor. Temperature was
controlled and measured by a thermocouple inserted in the quartz
sheath in contact with the catalyst bed.

The 514.5-nm line of a Spectra Physics Stabilite 2017 Art laser
was used for recording of the Raman spectra. The incident light
(operated at a 40 mW power level at the sample) was slightly
defocused, to reduce sample irradiance. The scattered light was
collected at 90° (horizontal scattering plane), analyzed with a 0.85
Spex 1403 double spectrometer, and detected with an RCA PMT
equipped with EG&G photon-counting electronics and cooled to
—20°C.

In situ Raman spectra under oxidizing conditions were recorded
at 420-540°C under flowing O, (99.999%) at a flow rate of
15 cm?/min. Before the spectra were recorded, catalysts were
held for at least 1 h under O, flow to ensure full oxidation. For
the operando Raman-GC measurements during steady-state ethane
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Fig. 1. Raman fixed bed reaction cell for operando Raman-GC measurements.
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ODH conditions, a flow of a reactant gas mixture consisting of
5.6% CoHg/5.6% O, balanced in He was admitted immediately after
treatment in O, at 550 °C. Each catalyst sample was first examined
at a fixed residence time (expressed by the ratio W /F; W, cata-
lyst weight; F, total gas flow), W/F =0.28 gs/cm> (W = 280 mg;
F =60 cm?/min), at 420-540°C. The study began at 540°C, and
the temperature dependence was checked at 40°C intervals. The
effect of residence time on catalytic activity was then explored at
540°C by varying either the catalyst weight or the total flow rate,
resulting in W /F values of 0.06-0.34 gs/cm?. Before the operating
temperature or the bed residence time (W /F) was changed, each
sample was reoxidized under flowing O, at 550 °C, to reinstate the
initial catalyst surface composition. All gas flow rates were con-
trolled by electronic mass flow meters.

The reactor effluent was analyzed by online GC (Schimadju 14B)
using two packed columns (Porapak Q and Molecular Sieve 5A) in
a series or bypass configuration, along with a thermal conductivity
detector (TCD). Measurements of apparent catalytic activity (appar-
ent TOF) were obtained in experiments in which conversions were
kept below 10%, so that differential reactor conditions could be as-
sumed with negligible heat- and mass-transfer effects. Blank runs
with no catalyst in the bed also were performed to check the case
of gas-phase reaction contributions; ethane conversion was <1% at
540°C.

3. Results and discussion
3.1. Surface area and XRD

The basic characteristics of the catalyst samples are listed in
Table 1. The deposition of molybdena on the support surface and
the subsequent calcination at 600°C resulted in a gradual de-
crease of the specific surface area. This can be attributed to a
number of factors, including the blocking of some support pores
as larger MoO, domains appeared on the surface, the formation
of Zr(MoQy4), crystallites when monolayer coverage was exceeded,
and possible changes in monoclinic ZrO; crystallite size.

The XRD patterns (not shown for brevity) for the fresh catalysts
calcined at 600°C with MoOs loading up to 7 wt% (Mo surface
density, ns = 7.2 Mo/nm?) indicate a fine dispersion of molybdena
on the support; no peaks except those of monoclinic ZrO, were ob-
served. However, as discussed in the next section, the Raman spec-
tra indicate the presence of small amounts of Zr(MoOQOy4), for the
fresh 7MoZr sample. In contrast, for the sample with the highest
loading (10MoZr, ns = 10.5 Mo/nm?) additional weak diffraction
lines, characteristic of Zr(MoO4), mixed crystallites, were seen.
These findings are further supported by the Raman study described
below. The Mo surface density corresponding to the polymolybdate
saturation capacity on ZrO, (as well as in several metal oxide sup-
ports) has been reported to be 4-5 Mo/nm? according to Raman
spectroscopy [19] and a number of different experimental methods
([20] and references therein). The calculated theoretical monolayer
coverage based on the effective ionic diameter of MoOg octahedra
is 4.9 Mo/nm? [35], whereas molybdena monolayers of tetrahedral
and octahedral coordination for loadings of up to 7 Mo/nm? also
have been reported [36].

3.2. In situ Raman spectra of catalysts under O3

Fig. 2 shows representative in situ Raman spectra obtained for
all samples studied under O, flow at 540°C. The strong band
observed in spectra of all catalysts at ~620 cm~! (Fig. 2, spec-
tra a-e) is due to the monoclinic ZrO, support; all spectra in
Fig. 2 were normalized relative to this band. For the 2MoZr cat-
alyst with surface density ns = 1.7 Mo/nm? (spectrum a), bands
due to dispersed surface molybdena were observed at 820-840
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Fig. 2. In situ Raman spectra of catalysts under O, flow at 540°C: (a) 2MoZr;
(b) 4MoZr; (c) 5.5MoZr; (d) 7MoZr; and (e) 10MoZr. ZrO, spectrum is included for

comparison. Laser wavelength, 1o = 514.5 nm; laser power, w = 40 mW,; scan rate,

sr=0.09 cm~!s~!; time constant, T =5 s; spectral slit width, ssw=7 cm~'.

(broad), 988 (well defined), and ~1004 (shoulder) cm~'. With in-
creasing loading (spectra b and c obtained for samples with ng of
3.8 and 5.2 Mo/nm?) the following were observed: (a) The band
at 988 cm~! increased in intensity and underwent a blue shift
(996 cm~! in spectrum c in Fig. 2); (b) the band at 1004 cm™!
was gradually obscured under the wing of the 996-cm~! band; and
(c) the broad band at 820-840 cm~! increased in intensity and
broadened by picking up a high-frequency component. For both
the 7MoZr and 10MoZr samples with ns of 7.2 and 10.5 Mo/nm?,
characteristic bands were initially seen at 741 and 942 cm~! due to
Zr(MoQy),, which for the case of 7MoZr were not detected by XRD
and presumably arose from nanoparticles (NPs). After subjection
to few ethane ODH reaction cycles, the Zr(MoOg4); nanoparticles
were dispersed on the surface of 7MoZr, whereas the presence of
the Zr(MoOy), persisted for the sample with ns = 10.5 Mo/nm?
(spectra d and e in Fig. 2).

Previously, it was shown (by means of oxygen isotope-exchange
experiments) that dispersed molybdena occur as mono-oxo species
on ZrO; [37]. The bands at 1004 and 820 cm~! (prevailing in spec-
trum a, Fig. 2) can be assigned to the v(Mo=0) and antisymmetric
V(0O-Mo-0) modes of a surface mono-oxo isolated O=Mo(-0-Zr)4
species with a configuration of a tetragonal pyramid (Fig. 3A),
in agreement with previous reports [14,20]. The assignment of
the 1004-cm~! band is in analogy with the 1008- and 1015-
cm~! Mo=0 bands of the [0=MoCl4]~ and 0=MoCl; model com-
pounds [38]. The bands at 988-997 and 840 cm~! (gradually dom-
inating with increasing ng) are assigned to terminal Mo=0 and
Mo-0-Mo functionalities of surface polymolybdates. The preva-
lence of the polymolybdate bands indicates an increasing ratio
of polymer-to-monomer populations with increasing loading. Dis-
torted octahedral configurations with penta-coordinated (MoOs)
(Figs. 3B and 3C) [20,37] Mo have been proposed for the sur-
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Fig. 3. Proposed molecular configurations for dispersed MoOy surface species on
ZrO, with penta-coordinated Mo: (A) mono-oxo square pyramidal isolated unit;
(B) dimer and (C) polymer with distorted octahedral arrangement.

Table 2

Ethane conversion (%), yield to ethylene (%) and selectivity (%) to reaction products
for all catalysts corresponding to measurements performed simultaneously with the
recording of the Raman spectra shown in Fig. 4. W /F = 0.28 gs/cm?. T = 540°C.

Catalyst Conversion CyHy yield Selectivity (%)

(*%) #) CoHy o 0,
ZrOy 43.8 3.9 8.8 433 47.9
2MoZr 19.7 8.3 42.3 29.2 28.4
4MoZr 14.7 9.5 64.6 24.6 10.8
5.5MoZr 16.2 1.4 70.3 225 7.2
7MoZr 17.1 13.9 81.3 15.3 3.4
10MoZr 15.8 12.1 76.8 19.7 3.5

face polymolybdates. The gradual blue shift of the terminal Mo=0
(from 988 to 997 cm~!) with increasing ns has been attributed
to gradual polymolybdate domain growth [20]. It should be noted
that an increase in the Mo=0 bond order would result in a con-
current decrease of the Mo-O(-Zr) bond strength, based in the
valence sum rule. The effect of weakening of Mo-O bonds along
Mo-0-Zr linkages was more pronounced with increasing size of
the polymolybdate domains and was related to, for example, Mo
atoms internal to a polymeric chain (configuration C in Fig. 3). This
can be demonstrated based on the valence sum rule and the as-
sumed preservation of the coordination number of Mo (CN = 5)
[30,31,39,40].

3.3. Operando Raman spectra of catalysts during ethane ODH reaction
conditions

The spectral and catalytic behaviors of the catalysts under
steady-state ethane ODH conditions were studied simultaneously
as functions of both temperature (at 420-540°C) and bed res-
idence time (W/F, 0.06-0.34 gs/cm3). For brevity, we restrict
this discussion to operando Raman spectra and highlight the cat-
alytic performance at fixed temperature and bed residence time
(T =540°C, W/F =0.28 gs/cm>). We briefly discuss the temper-
ature effects on the Raman spectra at the end of this subsection
and address temperature and residence time effects on the cat-
alytic performance separately in the next subsection.

The operando Raman spectra obtained during steady-state
ethane ODH conditions obtained at 540°C under flowing 5.6%
CyHg/5.6% O, (balance He) at W /F =0.28 gs/cm? are shown in
Fig. 4, spectra a-e. Catalytic data obtained simultaneously from the
same samples, as well as from the pure ZrO, support, are compiled
in Table 2.
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Fig. 4. In situ Raman spectra of catalysts obtained under steady state ethane ODH
reaction conditions (C,Hg/O2/He flow) at 540 °C: (a) 2MoZr; (b) 4MoZr; (c) 5.5MoZr;
(d) 7MoZr; and (e) 10MoZr. W /F = 0.28 gs/cm>. Recording parameters: see Fig. 2
caption.

At first glance, Fig. 4 gives the impression that the Raman spec-
tra are seemingly similar to the respective spectra in Fig. 2, spectra
a-e obtained under flowing O,. However, as we discuss below,
the spectra can be exploited to gain insight into the response of
the catalyst molecular structure to changes in its gas environment.
An overall intensity loss (becoming gradually more severe with in-
creasing loading) occurred due to the darker color of the catalyst
samples, resulting from partial reduction of surface MoOy species.
This overall intensity loss was compensated for by normalizing all
spectra in Fig. 4 with respect to the 620-cm™! ZrO, band.

Table 2 shows that the reactivity of the ZrO, support, how-
ever remarkable in terms of ethane conversion, conformed to <9%
CoHy selectivity. Therefore, the ZrO, support would be expected
to contribute to the reactivity of samples with low coverage, and
the pertinent catalytic data should be considered with appropri-
ate caution. The ZrO, support has been reported to exhibit re-
activity for the methanol oxidation reaction as well [21]; thus,
the high ethane conversion (19.7%) found for the 2MoZr sample
(1.7 Mo/nm?) should be ascribed to the reactivity of the exposed
support rather than to the MoOy overlayer. Indeed, its selectiv-
ity to ethylene is much lower than of samples with higher load-
ings. Ethane conversion subsequently increased with increasing
ns and reached a maximum for the monolayer sample (7MoZr,
7.2 Mo/nm?). Likewise, the selectivity to ethylene increased mono-
tonically and reached its maximum value (81.3%) for the monolayer
sample, whereas the ethylene yield increased concurrently and also
reached its maximum value for the 7MoZr sample. Slight drops
in ethane conversion, ethylene selectivity, and yield resulted when
the monolayer was exceeded (10MoZr, 10.5 Mo/nm?). On the other
hand, formation of Zr(MoO4), overlayers (10MoZr) inhibited the
apparent catalytic turnover, presumably due to occurrence of in-
accessible Mo centers. The catalytic behavior of Zr(Mo0O4),/ZrO;
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materials for the ODH of propane has been addressed in detail pre-
viously [10]. Finally, it is noteworthy that the catalytic behavior of
bulk MoOs3 at conditions similar to those reported in Table 2 con-
forms to extremely low reactivity (ca. 0.2% conversion) and 0.2%
yield.

We now focus on the transformation of the composition and of
the molecular structure of the catalysts under steady-state reaction
and/or reducing conditions. The broad band at 820-840 cm~! due
to Mo-0-Mo functionalities of dispersed MoO, appeared to pick
up a low-frequency component (compare, e.g., spectra ¢ and d in
Fig. 2 with spectra ¢ and d in Fig. 4, respectively) with its main
mass red-shifted, particularly at loadings approaching the mono-
layer (5.5MoZr, 7MoZr). Moreover, a quantitative exploitation of
the relative band intensities in the spectra shown in Fig. 4 indi-
cates that (i) the relative intensities due to the ~996 cm~! Mo=0
(IMo=o0) and 820-840 cm~! Mo-0-Mo functionalities (Ino-0-Mo)
were decreased compared with the spectra of the respective sam-
ples in Fig. 2 (obtained under oxidizing conditions), presumably
due to removal of oxygen resulting from partial reduction of the
MoOy species; (ii) the relative intensity loss became more se-
vere with increasing ng; and (iii) the relative intensity loss was
much more pronounced for Iyj,—o than for Iye-o-mo. The loss of
Mo-0 band intensity reflects the reduction of MoOy domains to
species with Mo in lower oxidation states [18,21,24], which re-
portedly are not Raman active when supported on zirconia [21].
The foregoing observations can be attained by exploiting the rela-
tive Raman intensities, Injo—o and Ine-0-Mo, from Raman spectra
obtained at 540°C under three sets of catalyst gas environment
conditions: under Oy, under reaction conditions (C;Hg/O2/He), and
under C;Hg/He (reducing conditions). Fig. 5 shows the Raman
spectra obtained under O, under steady-state ODH reaction con-
ditions at W /F =0.28 gs/cm? and under C,Hg/He, together with
the pertinent quantitative exploitation of the relative band inten-
sities for a low-loaded catalyst (4MoZr with ns = 3.8 Mo/nm?,
Fig. 5A, spectra a—c) and for a catalyst with loading at approximate
monolayer (7MoZr with ng = 7.2 Mo/nm?, Fig. 5B, spectra a—c).
The insets show the variation of the relative normalized intensities
due to Mo=0 (Imo—=0) and Mo-O-Mo (Imo-0-mo) under the var-
ious gas environments. Both band intensities (Ino—=0, IMo-0-Mo)
obtained under O, (Figs. 5Aa and 5Ba) were set arbitrarily equal
with 1; thus, the inset plots show the relative decrease of Ino—o0
and Ipo-o-Mo for the two catalysts under consideration in Fig. 5.
As expected [27], the catalyst molecular structure was not static,
but responded to the catalyst environment. In both cases, the drop
in Iyo—o exceeded that in Ipe-0-Mo ON going from spectrum (a)
to spectrum (b) and then to spectrum (c). Moreover, the effect of
the relative intensity drop for both Iyj—0 and Ipe-0-mo Was much
more pronounced for the monolayer sample (7MoZr).

Fig. 6 depicts the relative variation of Iyjo—o and Iyo-o-mo for
all samples with ns in the range of 1.7-10.5 Mo/nm?2. The fig-
ure plots the ratio Ino=0/IMo-0-Mo Versus ns for the three re-
actor gas environments. It can be seen that under oxidizing and
ODH reaction conditions, the intensity ratio decreased rapidly in
the range of 1.7-5 Mo/nm? and remained almost constant up to
the approximate monolayer (~7 Mo/nm?), indicating a gradual in-
crease in the extent of association (polymerization) at low surface
densities as more Mo atoms became incorporated into Mo-0O-Mo
bridges, thereby resulting in an increase of Ipo-o-mo. The extent
of association (polymerization) apparently reached a plateau at
approximately 5 Mo/nm?2. Observations at constant surface den-
sity, ng, reveal that the terminal O atoms were much more easily
perturbed and removed compared with bridging O atoms in the
presence of either reacting Cy;Hg/O2/He or reducing CyHg/He gas
mixture. The effect was negligible for the low-loaded sample with
ns = 1.7 Mo/nm? (2MoZr) and became much more pronounced
with increasing ns under a reducing atmosphere.
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Fig. 5. In situ Raman spectra of catalysts 4MoZr (A) and 7MoZr (B) obtained un-
der: (a) flowing O,, T = 540°C; (b) flowing C;Hg/O2/He, W /F =0.28 gs/cm?, T =
540°C; (c) flowing CoHg/He, T =460°C. Insets show the respective relative varia-
tions of the normalized Iyo=0 and Ivio-0-Mo (Se€ text).
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The above observations show that the Raman spectra can be
used for monitoring the response of the structure of supported
Mo03/ZrO; catalysts to the gas environment under reaction condi-
tions. However, the pertinent perturbations of the molecular struc-
ture as revealed by changes in Iyjo—o and Iy-o-mo and/or the
selective preference for oxygen removal from Mo=0 sites do not
necessarily provide insight for exploring the active sites. Specta-
tor species also may coordinate to surface reaction intermediates
or be severely perturbed in the reaction environment. We address
this point further in the final section of the paper.

3.3.1. Temperature effects on the Raman spectra

Under both dehydrated and steady-state ODH reaction condi-
tions, a temperature rise from 420 to 540°C resulted in a slight
broadening, a moderate intensity loss, and a small red shift of the
well-defined Mo=0 stretching band. For brevity, pertinent data are
shown only for the 7MoZr sample (with approximate monolayer
coverage), to also illustrate the redispersion of Zr(MoOg4); NPs ini-
tially present on the fresh 7MoZr sample that were below the XRD
detection limit (spectrum a in Fig. 7). After the sample was sub-
jected to a few ODH reaction cycles at increasing temperatures,
the Zr(MoOg4); NPs were permanently dispersed, as evidenced by
the disappearance of the bands Zr(MoO4), at 745 and 943 cm™ .
A concurrent increase in the relative intensity of the band at 820-
840 cm~! band due to Mo-O-Mo functionalities is indicative of
a significant association (polymerization) of the domains originat-
ing from redispersion of Zr(MoO4), NPs. The moderate intensity
loss with increasing temperature also has been reported previously
[6,41] and has been ascribed to increased optical absorption, lead-
ing to decreased sampling depth for Raman excitation and scatter-
ing and consequent loss of signal intensity [41].

3.4. Catalytic activity and selectivity

3.4.1. Effects of temperature and residence time

Fig. 8A shows the dependence of ethane conversion on temper-
ature (varied in the range 420-540°C) achieved for all catalysts
at a fixed residence time (W /F = 0.28 gs/cm?). Ethane conver-
sion appeared to be highest for the low-loaded sample, 2MoZr

I v ) v 1 v 1 v 1 v ]
7MoZr
C,H/O,/He

996

Relative Raman intensity

1100 1000 900 800 700 600 500

Raman shift, cm™

Fig. 7. In situ Raman spectra obtained for 7MoZr catalyst: (a) freshly calcined un-
der Oy, T =420°C; (b-e) evolution of spectra with temperature (as indicated by
each spectrum) under flowing C;Hg/O2/He, W /F = 0.28 gs/cm?>. Recording param-
eters: see Fig. 2 caption.
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Fig. 8. Catalytic performance as a function of temperature for all catalysts, W /F =
0.28 gs/cm?>. (A) ethane conversion; (B) ethylene yield.

(1.7 Mo/nm?). For the rest of the samples, ethane conversions
were comparable except at the highest measured temperature, in
which a monotonic increase was observed up to the monolayer
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Fig. 9. Ethylene selectivity as a function of ethane conversion for all catalysts. T =
540°C.

(7MoZr), followed by a slight drop for 10MoZr. Moreover, ethane
conversion was complemented by the ethylene yield data (shown
in Fig. 8B), with the corresponding ethylene selectivity data taken
into account. It can be seen that ethylene yield increased mono-
tonically with loading up to the monolayer, followed by a drop
for 10MoZr (10.5 Mo/nm?). Thus, the high reactivity of the 2MoZr
sample can be ascribed to uncovered ZrO, sites that favor com-
bustion routes leading to COy. At each temperature, ethane conver-
sion increased with increasing residence time, W /F (varied in the
range of 0.08-0.34 gs/cm?) for all catalysts (data not shown for
brevity).

Fig. 9 shows the dependence of ethylene selectivity on vari-
ous levels of ethane conversion, achieved by varying the residence
time, W /F, for all catalyst samples. Although a very slight de-
crease in selectivity occurred with increasing conversion, the data
in Fig. 9 do not follow the known selectivity-versus-conversion
profiles generally observed for alkane ODH over supported metal
oxides, according to which a well-defined or steep decrease would
be expected [7,17,26,30,42-46]. The selectivity exhibited a remark-
able stability even at high conversions.

The slight decrease in ethylene selectivity with increasing
ethane conversion is related to secondary combustion reactions
of ethylene to COy. The low-loaded sample exhibited lower selec-
tivity over the whole range of ethane conversion, as implied in
Fig. 8, whereas increasing amounts of MoO, domains dispersed
on the catalyst surface had a beneficial effect on selectivity up to
the approximate monolayer (7MoZr), where 80%-85% selectivity
was attained. The selectivity of the 10MoZr sample with the high-
est MoO3 loading was high at low conversion levels but dropped
more significantly with increasing conversion. Thus, primary steps
of ethane activation for ethylene production likely were favored by
the Zr(MoQ4), crystalline phase, which was present on the sur-
face of 10MoZr. Analogous behaviors have been observed for bulk
ZrV,07 during propane ODH over a high loaded V,05/ZrO, [30], as
well as for Al;(MoOg4)3 during ethane ODH over MoO3/Al,03 [6].

Fig. 10 shows the effect of catalyst composition on selectivity,
demonstrating the initial (at ~4% conversion) selectivities to C;Hy
and COy versus ng (Mo/nmz). Selectivity to C;H,4 increased mono-
tonically with increasing ns and attained a plateau at ~85% for
an ns of ~7 Mo/nm?. Concurrently, COx (CO and CO,) selectivity
decreased and leveled off at ~15%. Evidently, selectivity to ethy-
lene depends strongly on the Mo oxide loading up to the mono-
layer coverage of the ZrO, support and remains nearly constant at
higher Mo surface densities. On the other hand, uncovered ZrO,
sites favor complete combustion to CO, byproducts. Indeed, runs
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Fig. 10. Initial selectivity to C;H4 and COy as a function of Mo surface density. T =
540°C.

performed with pure ZrO, support gave nearly 90% initial selec-
tivity to COy (~10% selectivity to C;H4) under similar conditions;
the pertinent data are included in Fig. 10 at zero Mo surface den-
sity. This is supportive of a reaction network with parallel ethane
combustion and ethane ODH routes with sequential combustion of
ethylene formed on primary ODH steps over uncovered ZrO, [47].

3.4.2. Apparent TOFs and catalyst composition

Comparative assessments of catalyst activity can be made on
the basis of TOF (i.e., ethane conversion or ethylene production
rates expressed per Mo atom). Ideally, TOFs should be expressed
per active Mo only; however, this is not possible even if dispersion
data were available, because not all surface Mo atoms are neces-
sarily active. Therefore, we use the term “apparent TOF” to account
for the aforementioned points. For brevity, here we outline the ef-
fect of residence time and catalyst composition on apparent TOFs
for only the 2MoZr (1.7 Mo/nm?) and 7MoZr (7.2 Mo/nm?) cata-
lysts. 2MoZr was more reactive than 7MoZr (Fig. 8) but exhibited
much lower selectivity to ethylene (Fig. 9). The 7MoZr sample was
about twice as selective as the 2MoZr sample, exhibiting above 80%
selectivity to CoH4 even at high conversion levels.

The behavior of the two samples at various conversion levels
can be characterized by examining the dependence of the appar-
ent TOFs of production of ethylene, CO and CO,, as a function of
W /F, shown in Fig. 11. For the low-loaded catalyst, 2MoZr, the
corresponding apparent rate of ethylene production [expressed in
moles/(Mos)] decreased with increasing W /F (Fig. 11A), reflecting
a lower activity per Mo site at higher W /F values. Extrapolation to
zero contact time revealed that the initial rates of CO and CO; pro-
duction were comparable to or even greater than the correspond-
ing rate of ethylene production. Thus, CO, was formed mainly by
direct combustion of ethane, which was favored by the uncovered
sites of the ZrO; support. At higher W /F values, the apparent rate
of C;H4 production was much lower than the rates of CO and CO,
production.

The corresponding behavior for the monolayer catalyst, 7MoZr,
is shown in Fig. 11B. Here the apparent C;H4 rate was much higher
than the corresponding CO and CO, rates, even at zero reactant
residence time, and C;H4 selectivity was high.

The foregoing observations underline the higher efficiency of
the monolayer catalyst (7MoZr) in producing C;H4 compared with
the low-loaded sample (2MoZr), which yielded higher levels of COx
combustion products (Table 2). The differences among the sam-
ples can be attributed to the variation in the relative coverage of
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Fig. 11. Apparent turnover frequencies of production for C;H4, CO and CO, and cor-
responding CyH4 selectivities as a function of W /F for: (A) 2MoZr; and (B) 7MoZr
catalysts. T =540°C.

the ZrO, combustion sites, because the same activation energy for
ethane ODH (~94 kJ/mol), corresponding to the energy associated
with C-H bond activation, was found for both 2MoZr and 7MoZr.

The initial reaction rates of ethane consumption and ethylene
production normalized per Mo atom (apparent TOF, s—!) are pre-
sented in Fig. 12 as a function of Mo surface density (Mo/nm?).
It should be noted that for 10MoZr (ns = 10.5 Mo/nm?2), part of
the MoOy was not exposed to the reaction mixture, due to the for-
mation of overlayers and incorporation of Mo atoms in crystalline
Zr(MoOg4),. The data in Fig. 12 demonstrate that both ethane and
ethylene apparent turnover rates decreased with increasing Mo
surface density. Thus, it appears that the reactivity per Mo dropped
as two-dimensional polymolybdate domains evolved and/or grew
in size with increasing Mo surface density, for coverages up to
monolayer. We discuss this behavior below in relation to possible
identities of the catalyst active sites. When monolayer coverage is
exceeded on the ZrO, support (10MoZr), formation of Zr(MoQO4),
crystallites with inaccessible Mo sites within the bulk structure
may contribute to further lowering of the apparent TOF. Similar
decreasing trends for TOF with increasing ns have been observed
for propane consumption in ODH of propane over MoQ3/ZrO, [10]
and V,05/Zr0; and V,05/TiO; [30] catalysts.

Table 3 compares Raman data, physicochemical characteristics,
and reported trends for TOF values for MoOs3/ZrO, catalysts ex-
amined in various catalytic reactions. It turns out that, depending
on the reaction process, an inverse trend (increase) in TOF with in-
creasing ns may be observed (e.g., selective oxidation of methanol).
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Fig. 12. Initial rate of ethane consumption (open circles) and ethylene produc-
tion (filled circles) and Mo=0 band position as a function of Mo surface den-
sity. Inset shoes the initial areal (per unit surface area) of ethylene production.
W/F=0.11 gs/cm?, T = 540°C.

The inset in Fig. 12 shows initial CoH4 production rates nor-
malized per surface area. The rate increased for ns > 4 Mo/nm?
and attained a maximum value for coverage at approximate mono-
layer. Thus, increasing selective reactivity and better reducibility
of surface MoOy with progressive coverage of the support sur-
face and/or growth of two-dimensional associated domains may
account for the increase in the areal rates. Beyond monolayer, ad-
ditional Mo introduced became inaccessible, leaving the areal rate
unchanged.

3.5. Structure—activity/selectivity relationships

C-H bond breaking is rate-determining in alkane ODH reac-
tions, which proceed via a Mars-van Krevelen reaction scheme
involving lattice oxygen [9,48]. However, the identification of the
active site in MoO, surface species (i.e., concerning the partic-
ular oxygen site involved in the efficient C-H bond activation)
remains under debate. The types of MoO, surface species that
were found to exist on the support surface in the present study
are isolated monomers (0=Mo0Og4, Fig. 3A), surface polymolybdates
(MoOy, Figs. 3B and 3C), and bulk Zr(MoOg4),. Thus, in principle,
the critical oxygen involved in the active site for ethane ODH could
be involved in any of the existing Mo-O bonds (Mo=0 terminal
bonds, Mo-O-Mo bridging bonds, or Mo-O-Zr anchoring bonds
to the support, each with different bonding types and strengths)
within the different metal oxide species. The surface density of all
of these sites (i.e., the number of Mo=0, Mo-0-Mo, and Mo-0-Zr
per m?) increased with increasing loading; therefore, the increase
in the apparent areal rate of C;H4 with increasing loading (Fig. 12,
inset) cannot be ascribed solely to any particular site. We examine
the role of each of the aforementioned oxygen sites below.

Various factors can determine the site requirements and gov-
ern (to varying extents) the activity of molybdena/zirconia catalysts
for ethane ODH at coverages below monolayer. These factors may
include site reactivity/selectivity, site reducibility, and site avail-
ability/accessibility. Moreover, the eventual occurrence of multiple
active sites (active phase heterogeneity), each with its own selec-
tivity, could further complicate the identification of the active site.
We attempted to correlate the apparent activity per Mo (TOF) to
the number of active sites per Mo on grounds of stable site reactiv-
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Table 3
Comparison between Raman stretching frequencies, characteristics and trends in TOF values between MoOs3/ZrO, supported catalysts.
Ref. [20] Ref. [18] Ref. [37] Refs. [19,21] This work
Mo content 0.35-50 Mo,/nm? 3.9-8.8 wt% 4 wt% (~4.5 Mo/nm?) 0.5-7.5 Mo/nm? 1.7-10.5 Mo/nm?
Mo=0 (cm~')
At low coverage 1006, 995 995 980 1004, 988
At appr. monolayer 1003 1004 996 997 997
Mo-0-Mo, 0-Mo-0 (cm~!)
At low coverage 816 854 845 830 (broad)
At appr. monolayer 833 861 850 868 845 (broad)
Coordination at:
Low coverage - Tetragonal pyramidal Tetrahedral (isolated) - Tetragonal pyramidal
(isolated)? WENe-e @ (isolated)
octahedral
- Distorted octahedral - Distorted octahedral
(associated) CN =5 (associated)
High coverage - Tetrahedral (di-oxo) Tetrahedral + - Distorted octahedral
& tetragonal pyramidal Mono-oxo Mono-oxo oct.ahedral octahedral (associated) CN =5 (associated)
(isolated)? octahedral CN =5 (associated)
- Distorted octahedral
(associated)
Calcination (K) 673, 723, 773, 873, 973 773 723 873
Crystalline phases Mo0s3, Zr(MoO4);*? MoO3 - MoO3 Zr(MoOg )2

Selective oxidation
of methanol

Process ODH of propane [10]

Trend for TOF with ng Decrease [10]

Selective oxidation of
methanol
Increase

ODH of ethane

Decrease

2 Evolution of dispersed and crystalline phases dependent on temperature of calcination [20].

ity, by assuming that the reactivity per site does not change with
loading.

3.5.1. Role of terminal Mo=0 sites

Previously, M=0O (M =V, Mo) centers were shown to be of no
critical importance for methanol oxidation reactions over MoOs3/
Al;03 [18,21], Mo03/Zr0, [18,21], and V,05/ZrO, [49]; for propane
ODH over V,05/ZrO, and V;,05/TiO, [30]; and for ethane ODH
over MoO3/Al,03 catalysts [6]. These earlier reports do not con-
verge, however, because it also has been reported that Mo=0 sites
are active for C-H bond activation for the ODH of propane over
Mo03/ZrO; catalysts [10].

Now, with reference to the observed trend in TOF (activity per
Mo) versus ng for loadings below monolayer (i.e., an initial sudden
drop followed by a gradual decrease; Fig. 12), we can foresee that,
based on stable site reactivity, this trend should concur with the
respective trend in the number of active sites per Mo. Therefore,
this excludes the Mo=O0 site from containing the critical oxygen,
because all surface-dispersed MoOy species (Fig. 3) are of mono-
oxo type (as also shown by 80 isotopic labeling studies [37]),
having one Mo=0 per Mo.

3.5.2. Role of bridging Mo-0-Mo sites

The exploitation of Raman intensity data described above
(Fig. 6), which is based on the Raman spectra shown in Figs. 2
and 4, confirms that with increasing surface Mo content, the Mo
atoms were increasingly incorporated into Mo-O-Mo bridges and
thus the population of Mo-O-Mo vibrators increased relative to
Mo=0. This also is shown schematically in Fig. 3; that is, the
gradual evolution of surface species from isolated monomers to as-
sociated units with increasing degrees of polymerization resulted
in an increasing number of Mo-0O-Mo bridges per Mo (from 0 for
monomolybdates to 0.5 for a dimeric unit (Fig. 3B), to 0.65 for
a trimer, etc.). Thus, the number of Mo-O-Mo sites per Mo in-
creased with loading. Because the activity per site decreased with
loading, the oxygen site in the Mo-O-Mo bridge cannot be of cat-
alytic importance. In addition, it is noteworthy that a comparison
of MoO3/Al;03 [6] and MoO3/ZrO, catalysts with similar surface
densities (3.9 and 3.8 Mo/nm?) and Mo-O-Mo Raman bands of
similar strength and frequency (850 and 845 cm~!) revealed a 5-
fold greater TOF for the catalyst supported on ZrO,.

3.5.3. Role of Mo-O-support anchoring sites

The growth of associated surface molybdena units resulting
from progressive coverage of the support inhibited the catalyst’s
apparent ability to activate the C-H ethane bond (Fig. 12). The
respective evolution of the molecular configurations for the sur-
face MoOy species (Figs. 3A-3C) led to a similar decreasing trend
for the number of Mo-O-Zr anchoring bonds per Mo; for in-
stance, a O=Mo-04 isolated unit had 4 Mo-O-Zr bonds per
Mo, a (MoOy); dimer had 3 Mo-O-Zr bonds per Mo, a trimeric
(MoOy)3 had 2.66 Mo-0-Zr bonds per Mo, a tetrameric (MoOy)4
had 2.5 Mo-0-Zr bonds per Mo, and so on. Thus, the concur-
rent decrease in catalytic activity per Mo (TOF) and in the num-
ber of Mo-O-support bonds per Mo, point to the significance of
the Mo-O-support sites for catalytic activity. The significance of
the Mo-O-support sites in controlling the TOF also has been re-
ported previously [2,18,21,50]. Moreover, studies of the influence
of the Mo-O-support bond on the catalytic behavior of mono-
layer molybdena catalysts supported on ZrO,, Al,03, TiO,, and
SiO, for ethane ODH have revealed large variations in reactivity
and demonstrated the relevance of the Mo-O-support bond to cat-
alytic activity [32].

Fig. 12 also shows the dependence of Mo=0 band position of
surface polymolybdates on Mo surface density. An increase in the
Mo=0 band position from 988 to 997 cm~! corresponds to an in-
crease in the bond order from 1.90 to 1.93 valence units [39,40].
Correspondingly, according to the valence sum rule and even on
the basis of constant Mo-O bond order within Mo-O-Mo link-
ages (as indicated by the nondecreasing trend of its wavenum-
ber with increasing ng) a progressive weakening of the (Mo-0)-
support bond was evident, particularly in the case of larger two-
dimensional polymolybdate domains.

The apparent activation energy was found to be nearly inde-
pendent of the catalyst composition, generally being ~94 kJ/mol;
thus, the decreasing reactivity for catalysts with higher Mo surface
densities should be ascribed to the preexponential factor [21,50].
The evolution of the coordination around the metal atom with in-
creasing loading resulted in structural changes giving rise to fewer
Mo-0-Zr linkages per Mo, with a concurrent change (a decrease)
in Mo-0 bond strength. Moreover, the exact nature of the elec-
tronic structure of the complex is uncertain and evolves in parallel
with changes of the structural properties as described above. Thus,
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whereas the reactivity of the bridging oxygen in the Mo-0O-Zr may
vary, an inductive effect on the metal center also is highly prob-
able [50]. The effect can be related to changes in charge accom-
modation by the Mo center, as reflected by the electronic partition
function of the preexponential factor [50].

4. Conclusion

The Raman spectra of MoOs catalysts supported on ZrO,
recorded under O, as well as under steady-state reaction condi-
tions for the ODH of ethane revealed the existence of surface-
dispersed molybdena species in various configurations. In general,
at low loadings, both monomeric [square-pyramidal O=(Mo-0)j4,
VMo—0 = 1004 cm™!, vo_mo-0 =~ 820 cm~!] and polymeric [dis-
torted octahedral (CNpo = 5), VMo=0 = 988-997 cm ™!, vo_mo-0 ~
830-845 cm~!] units were found to coexist on the support at
various proportions depending on loading. Bulk Zr(MoOg4); was
detected at Mo surface densities >7 Mo/nm?. The surface com-
position and the structural properties of the dispersed species
responded to changes in the catalyst gas environment. An exploita-
tion of the Raman band intensities showed that (a) the number of
Mo-0-Mo vibrators increased faster than the number of Mo=0
groups, due to gradual formation of larger (MoOy),-associated
units with increasing loading; (b) the reduction of Mo=0 and
Mo-0-Mo sites was facilitated with increasing surface density;
and (c) the extent of reduction was more pronounced for Mo=0
compared with Mo-0O-Mo sites under reaction or reducing con-
ditions. The catalytic results show that the selective reactivity to
CyHy increased with loading and attained its maximum at ap-
proximate monolayer coverage (sample 7MoZr with 7.2 Mo/nm?),
where high (80-85%) selectivities were measured, which persisted
even at high conversions. The combination of the spectral charac-
teristics of the catalysts and the catalytic measurements collected
simultaneously was used to explore structure-function relation-
ships by examining the role of various catalyst oxygen sites. The
trend in ethane ODH rate per Mo versus ng (initial drop followed
by gradual decrease) concurs with the trend in the number of
Mo-0-Zr bonds per Mo for the dispersed molybdena species with
increasing ns. This suggests that the bridging bond between the
surface molybdena species and the oxide support is of significance
for the catalytically relevant reaction steps.
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