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A B S T R A C T

The influence of vanadium and phosphorus on the physicochemical properties of the MoOx oxide and on

its catalytic properties in the oxidation of ethane to ethylene is examined. A series of MoOx, MoVOx (Mo/

V = 11) and MoVPOx (Mo/V = 11, V/P = 1) catalysts were prepared, characterized by several techniques

(BET, XRD, XPS, LRS and ATG) and studied in the oxidative dehydrogenation of ethane to ethene at

atmospheric pressure and at the temperature of reaction of 550 8C. Their structural properties, during

reduction and re-oxidation, were examined by in situ X-ray diffraction and by X-ray photoelectron

spectroscopy after pre-treatment. The sample containing phosphorus is the most active (conversion

�14%) and selective to ethylene (SC2H4 = 67%). The formation of [PMo11VO40]4� is assumed during

preparation, and its decomposition during calcination leads to well dispersed phosphate groups and

improved interactions between Mo and V species. During the catalytic reaction MoVI is stabilised by

means of solid solutions of V in Mo5O14 and in MoO3 (VxMo1�xO3�x/2). A synergetic effect between these

two phases could be responsible for the best performance of Mo11VPOx as compared to those of MoOx and

Mo11VOx.

� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

The light olefins are intensively used as intermediates in a large
number of industrial syntheses like polymerisation, and ways to
produce them are still welcome. The most known processes
consist in operating by dehydrogenation at high temperature or
oxidative dehydrogenation ODH [1]. Many formula have been
studied during the last two decades, which are either based on
alkali, alkaline-earth or rare-earth metal oxides [2,3], or on
transition metal oxides [4,5]. Vanadium and molybdenum-based
catalysts have been extensively studied in this reaction [6–8].
Mo–V–Nb mixed oxides [9], doped with Pd [10–12], or Ca [13],
supported vanadium oxide [14,15], bi-doped VPO catalysts [16],
were reported to be more or less active and selective in to ethene
or to acetic acid. High yields to ethene of ca. 75% were obtained by
using MoVNbTe catalysts [17,18]. Previously, the Mo5O14-type
phase was found to be related with good performance in the
selective oxidation of ethane to acetic acid. Roussel et al. [12]
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proposed that a synergetic effect between nanocrystals of
(VMoNb)5O14 and VxMo1�xO3�x/2 is responsible for the high
catalytic performance of this multicomponent MoVNb (Pd) oxide.
In a former work we had examined the catalytic and structural
properties of Mo-based species supported on alumina in ODH of
ethane with O2 as oxidant [19]. Here, we report on the catalytic
and structural properties of unsupported molybdenum oxide
catalysts modified by vanadium and phosphorus in the ODH of
ethane.

2. Experimental

2.1. Preparation and characterization of catalysts

MoOx, MoVOx (Mo/V = 11) and MoVPOx (Mo/V = 11, Mo/P = 11)
solids (further noted Mo, Mo11V and Mo11VP, respectively) were
prepared by adding (NH4)6Mo7O24�4H2O, (NH4)2HPO4 and NH4VO3

salts in stoichiometric amounts in aqueous solution [19]. The solid
residue was dried in air at 100 8C and calcined in a flow
(0.55 cm3 s�1) of dry air at 400 8C for 16 h. Particles of catalyst
were sieved to diameters of 180–355 mm. The catalysts were
characterized and tested as described in this Ref. [19].
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Fig. 1. XRD pattern of Mo11V and Mo11VP calcined at 400 8C; &: MoO3.

Fig. 2. XRD pattern of Mo11VP, Mo11V and Mo after reaction at 550 8C; &: MoO3, *:

VxMo1�xO2.
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In all experiments, the performances were evaluated by
conversion, selectivity and yields calculated as follows:

C2H6 conv:ð%Þ ¼moles of C2H6 converted� 100

moles of C2H6 in feed

sel:of productðiÞð%Þ ¼moles of product ðiÞ � 100

moles of all formed

Yield product (i) = conv. C2H6 � sel. (product i).

2.2. Physicochemical analyses

The specific areas of calcined Mo, Mo11V and Mo11VP samples
(2–6 m2/g) are low. They are not affected by the catalyst
composition nor catalytic test (Table 1).

The Mo, Mo11V and Mo11VP catalysts were analyzed by XRD
before and after the catalytic reaction at 550 8C. All patterns of
calcined samples showed the lines characteristic of orthorhombic
a-MoO3. In Mo11VP and Mo11V the lines of vanadium oxides and/
or of phosphorus oxides or of phases of the V–P–O system were
absent in all calcined samples (Fig. 1). After catalytic reaction a-
MoO3 is again observed in all samples. However in the case of
Mo11VP catalyst, the lines characteristic of VxMo1�xO2 (x � 0.33)
solid solution (2u �37.8 and 54.38 besides lines assigned to MoO2

and to the solid solution) are observed (Fig. 2).
The Raman spectra of fresh and used Mo, Mo11V and Mo11VP

samples were recorded at room temperature (Figs. 3 and 4). Before
reaction (Fig. 3), the spectrum is the same whichever the examined
particles (except the relative intensity of lines which may be
different) which means, in first approximation, that samples show
the same phases but with different relative populations. All solids
exhibit Raman lines at 995, 818, 667, 380, 288, 248 and 205 cm�1

which are characteristic of a-MoO3 [20]. Lines occurring at 995,
705, 531, 486, 408 and 308 cm�1 in Mo11V and Mo11VP are
assigned to bulk V2O5 [21]. As this oxide was not detected by XRD,
its particles are smaller than 4 nm (limit detection of the XRD
technique). After catalytic reaction (Fig. 4), V2O5 lines have
disappeared from Mo11V and Mo11VP spectrum, and two addi-
tional lines appeared at 1007 and 945 cm�1 in the case of Mo11VP.
The line at 1007 cm�1 is assigned to terminal Mo = O in dehydrated
Mo oxide [22]. According to Mestl [23,24] the line at 945 cm�1 is
attributed to vibrations of Mo–O–V linkages. In their study of Mo–
V–Nb–Pd–O catalysts, Roussel et al. showed that such vibrations
could account for V-doped Mo5O14 and hexagonal or orthorhombic
molybdenum oxides containing minor amounts of vanadium (e.g.
Mo1�xVxO3�x/2, x < 0, 2) [12]. Thus, it may be concluded that during
the catalytic reaction, Mo and V interacted thereby forming mixed
Mo–O–V phases like Mo1�xVxO3�x/2.

The binding energies (BE) of Mo3d5/2, V2p3/2 and P2p photo-
peaks for catalysts calcined at 400 8C are reported in Table 2. The
binding energy of Mo is 233.0 eV (Mo6+ in MoO3) and the symmetry
and small FWHM of the Mo signal do not allow to say that Mo4+ or
Mo5+ are present in samples. On the contrary part of vanadium V5+ is
reduced as V4+. The relative amounts of V5+ and V4+ obtained after
photopeak decomposition are reported in Table 2. The values of M/
Mo (M = V, P) ratios were calculated for Mo11V and Mo11VP catalysts
(Table 3). The theoretical formula, starting from the initial
stoichiometry and considering that the oxidation state of vanadium
may be (+V) or (+IV) is respectively Mo11

6+V1
5+O35.5 – Mo11

6+V1
4+O35
Table 1
Variation of the specific surface area of Mo-containing catalysts.

Catalyst MoOx Mo11V Mo11VP

Fresh catalyst 2 5 6

Used catalyst 1 2 3
for Mo11V, and Mo11
6+V1

5+P1
5+O38 – Mo11

6+V1
4+P1

5+O37.5 for
Mo11VP. In Mo11V, the surface (�100 nm depth analysis) amount
of V is far lower than expected whereas it is normal in Mo11VP. On
the contrary P/Mo is higher (0.39 vs. 0.09), meaning that phosphorus
is essentially localized on the Mo11VP surface and not in the bulk.
The difference between the Mo/V ratios observed for Mo11V and
Mo11VP reveals the influence of phosphorus on the surface
composition. Indeed, the P addition to Mo11V solid results in an
increase of surface vanadium (V/Mo = 0.09 for Mo11VP vs. 0.04 for
Fig. 3. Raman spectra of MoOx, Mo11V and Mo11VP catalysts calcined at 400 8C.



Fig. 5. XRD patterns of in situ reduction of Mo11V in H2/N2 at various temperatures

(&: MoO3, *: MoO2).

Table 2
XPS results: binding energies of Mo-containing catalysts calcined at 400 8C.

BE (eV) Mo6+ V5+ V4+ P5+ O 1s

Mo 233.0 – – – 531.0

Mo11V 232.9 517.4 516.4 – 531.0

Mo11VP 233.0 517.4 516.4 134.3 531.0

Fig. 4. Raman spectra of Mo11V and Mo11VP used catalysts.

N. Haddad et al. / Catalysis Today 142 (2009) 215–219 217
Mo11V), and contributes to stabilise a part of Mo in the bulk, which,
otherwise, tends to diffuse towards the surface as generally
observed in most Mo-based catalysts [12,25]. Possibly also, P has
a slight effect on the oxidation state of V since V5+/Vtot increases from
0.87 in Mo11V to 0.93 in Mo11VP.

The structural properties of the solids during reduction by H2/
N2 and re-oxidation by air were studied by HT-XRD in the
temperature range 25–550 8C (Figs. 5–8).

Two main types of diffraction pattern are observed during
reduction depending on the composition of catalyst. By heating
Mo11V in H2/N2, MoO2 characterised by lines at 2u = 26.0, 37.0,
41.5, 53–548, is formed above 500 8C, while no line of reduced
vanadium oxide is observed (Fig. 5). In Mo11VP, in addition to (V–
Mo)O2 lines (Fig. 6), new lines characteristic of Mo5O14-type
structure appear at 550 8C. The presence of this phase is
ascertained by the most intense diffraction at d(Å)/2u8 = 3.99/
22.2 and 3.56/24.94 (JCPDS 31-1437). According to Dieterle et al.
[26], the Mo5O14-type oxide crystallizes after thermal activation in
a narrow temperature range between 530 and 5508. Monoclinic
MoO2 and orthorhombic V-doped MoO3 (Mo1�xVxO3�x/2) were
additionally observed [12]. It suggests that the intermediate higher
abundance of MoO2-type oxide is related to the formation process
of the crystalline Mo5O14-type material. Kihlborg reported that
Mo5O14 can be generated by tempering the respective amounts of
MoO2 and MoO3 during synthesis [27]. At 550 8C the lines assigned
to MoO3 almost disappeared.

After the reoxidation step, the main phase identified in
Mo11V above 400 8C is a-MoO3. At this temperature, the lines of
MoO2 have completely disappeared (Fig. 7). The reoxidation of
Mo11VP at different temperatures (Fig. 8) leads to the
disproportionation of the metastable Mo5O14-type phase into
the thermodynamically stable phases MoO2 and MoO3 or
VxMo1�xO3�x/2. This result is in agreement with Knobl et al.
findings [28] who showed that the thermal treatment of doped-
Mo5O14 in inert atmosphere results in the formation of MoO2,
while treatment in air leads to MoO3.

The atomic ratios and the stoichiometry, obtained from the
comparison of Mo3d, V2p, O 1s and P2p photopeaks in XPS are
presented for calcined, reduced and reoxidised catalysts (Table 4).

During reduction of Mo11V and Mo11VP catalysts treated at
450 8C with diluted C2H6, both molybdenum and vanadium are
mostly reduced to Mo5+ and V4+. The effect of the reduction step on
the dispersion of Mo, V and P species is significant as shown by
strong increases of V/Mo and P/Mo ratios. It means that, after
reduction, Mo is slightly less present in the surface layers, or
conversely that V and P are more present on the surface. In
addition, the V5+/(V5+ + V4+) ratio decreases from 0.93 to 0.86 after
Table 3
XPS results: atomic ratios and stoichiometry of Mo-containing catalysts calcined at

400 8C.

Catalyst Mo/V Mo/P V5+/Vtot Surface stoichiometry

Mo11Va 24.4 – 0.87 Mo11 V5+
0.39V4+

0.06O31.03

Mo11VPb 11.0 2.55 0.93 Mo11 V5+
0.93V4+

0.07P4.31 O40.14

a Bulk stoichiometry: between Mo11
6+V1

5+O35.5 and Mo11
6+V1

4+O35.
b Bulk stoichiometry: between Mo11

6+V1
5+P1

5+O38 and Mo11
6+V1

4+P1
5+O37.5.
calcination to 0.73–0.42 after reduction. The presence of P would
decrease the reducibility of vanadium but increase the reducibility
of molybdenum. Therefore, these results suggest that phosphorus
is responsible for the migration of V towards surface and for partial
inhibition of its reduction.

The reoxidation of reduced Mo11V and Mo11VP catalysts by O2/
N2 led to the complete reoxidation of Mo5+ to Mo6+ and V4+ into V5+

and to the migration of more P onto the Mo11VP surface.

2.3. Catalytic properties

The catalytic activity of MoOx, Mo11V and Mo11VP were
examined in conditions of temperature, contact time and C2H6/
O2 such that oxygen was not fully converted. The contribution of
gas-phase initiated reactions was tested by conducting experi-
ments using an empty-volume reactor. Ethane conversion was
null, confirming that gas-phase reactions are negligible under our
experimental conditions.

The molybdenum-based catalysts are active in the dehydrogena-
tion of ethane to ethylene at 550 8C and C2H6/O2 = 1 (Table 5). The
ethane and oxygen conversions increase regularly along the
Mo < MoV < MoVP series. Interestingly, the selectivity to ethylene
increases at the expense of the selectivity to carbon oxides. The
hydrocarbon cracking represented by formation of methane



Fig. 6. XRD patterns of in situ reduction of Mo11VP in H2/N2 atmosphere at various

temperatures (&: MoO3, *: MoO2, +: Mo5O14).

Table 4
Atomic ratios and stoichiometry of alumina-supported Mo, MoV and MoVP catalysts obtained by in situ XPS analysis after: (a), calcination at 600 8C; (b) reduction by ethane at

450 8C; (c), reoxidation by air at 450 8C.

Catalyst V/Mo V/P P/Mo V5+/Vtot V4+/Mo Surface stoichiometry

Mo11 VP

a 0.09 0.23 0.39 0.93 0.006 Mo11V5+
0.93V4+

0.07P4.31 0.40.14

b 0.15 0.28 0.52 0.73 0.04 Mo6+
8.93 Mo5+

2.07V5+
1.23V4+

0.44 P5.82 O44.02

c 0.10 0.17 0.63 1 Mo11 V5+
1.18 P6.98 O44.6

Rappt theo 0.09 1.00 0.09

Mo11V

a 0.040 – – 0.86 0.005 Mo11V5+
0.39 V4+

0.06 O31.03

b 0.057 – – 0.42 0.03 Mo6+
10.1 Mo5+

0.87 V5+
0.27V4+

0.36 O32.55

c 0.06 – – 1 Mo11V5+
0.66O30.6

Rappt theo 0.09 – –
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remains very low on all catalysts. The addition of vanadium to Mo
(Mo/V = 11) clearly improves both ethane conversion and selectivity
to ethene, the yield of ethene increasing from 0.43 to 4.6 mol%. This
improvement is even more significant in the presence of phosphorus
added to Mo11V. The 8.8 mol% yield of ethene places Mo11VP among
the best catalysts for ODH of ethane in literature.

The enhancement of the catalytic properties of Mo11V upon
addition of P could be related to the formation of a special active
crystalline phase. Phosphorus is directly or indirectly responsible
Fig. 7. XRD patterns of in situ reoxidation of Mo11V in O2/N2 atmosphere at various

temperatures (&: MoO3, *: MoO2).
for modifications of the reactivity of both Mo11VP precursor and
catalyst (i) during decomposition of the precursor, the stability of
h-(V–Mo)O3 oxide is improved, (ii) Mo1�xVxO2 is observed by XRD
in post-reaction samples, (iii) the reducibility of V5+ and Mo6+ are
modified, and the relative surface amount of V is higher than for
Mo11V (XPS), and finally (iv) (V–Mo)5O14 phase is formed during in
situ XRD reduction. However, phosphorus as a phosphate group
cannot enter these lattices without collapse of the respective
structures. The only possibility would be the formation of VOPO4 or
related VPO (MoPO) phases, not detected by any method of
analysis, but that could be present as microdomains. The chosen
initial Mo11VP stoichiometry was expected to result in the
formation of the [PMo11VO40]4� polyanion, and although the
mixture was too basic to allow for the crystallisation of the
ammonium salt, we assume that at the nanoscale such hetero-
polyanions could be present. Contrary to the case of Mo and Mo11V
where the interaction of Mo and V is not favoured, the dispersion of
vanadium and phosphorus among molybdenum species during the
decomposition of [PMo11VO40] results in an intimate mixture
favouring the formation of mixed Mo–V phases and the stabilisa-
tion of Mo6+ species. Moreover, the precursors were deliberately
calcined at a temperature (400 8C) lower than the reaction
temperature (here 550 8C). The result is that, while facing the
reacting mixture ethane/oxygen, the calcined solids undergo
complement transformations (equilibration) as shown by the
formation of (Mo,V)5O14. According to Banares et al. [29], such
interactions are evident in used catalysts since lattice oxygen
Fig. 8. XRD patterns of in situ reoxidation of Mo11VP in O2/N2 atmosphere at various

temperatures (&: MoO3, *: MoO2, +: Mo5O14).



Table 5
Catalytic data obtained during the oxidation of C2H6. Operating conditions: T = 550 8C, C2H6/O2 = 1, t = 0.9s.

Catalyst C2H6 conv. (%) O2 conv. (%) Selectivity % (yield %)

C2H4 CH4 CO + CO2

MoOx 4.6 34.8 9.5 (0.44) 1.3 89.2

Mo11V 8.7 49.8 52.9 (4.60) 3.6 43.5

Mo11VP 14.3 57.6 67.7 (8.80) 1.8 30.5
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mobility during the catalytic redox cycle promotes the interaction
between, here, Mo and V species. Phosphate groups could also limit
the size of excess MoO3 domains, thereby stabilising them and
hindering the volatility of MoO3 (as Mo6+ hydrates).

From the catalytic point of view, the strong acidity of
phosphate groups and of the higher amounts of vanadium
present on the surface (XPS) of Mo11VP should influence the
catalytic surface. Apart from a possible ‘‘site isolation’’ effect
exerted on vanadium (molybdenum) sites, phosphate groups are
suitable for adsorption of water which is formed besides ethene
vanadium sites are more active than Mo sites because of their
reducibility, and interact in a better way with ethane. The result
is an increase of activity. It is worthwhile to recall that a similar
behaviour has been observed with MoVNbOx system for ethane
oxidation to acetic acid and ethene [11,12]. In that system, the
enhancement of catalytic activity and selectivity has been
related also to the presence more numerous vanadium sites, and
the stabilisation of Mo6+ by the formation of (V–Nb–Mo)5O14-
type microdomains. In a similar way, a synergetic effect
between these structurally related oxides could be responsible
for the high activity of Mo11VPOx when compared to MoOx and
Mo11VOx catalysts.

3. Conclusion

This work was devoted to the study of Mo-based catalysts
differing by the nature of additive for the oxidative dehydrogena-
tion of ethane to ethylene. Whereas MoOx is poorly active at
relatively low temperatures, its catalytic activity is enhanced when
vanadium (Mo11V) and even more when phosphorus (Mo11VP) are
added. This enhancement could be due to a different structure of
the studied catalysts made up of MoO3 particles and u-Mo5O14-
type oxide doped with a minor amount of vanadium. This surface
structure would be better prepared when a [PMo11V] heteropoly
anion is formed during synthesis because its decomposition
favours further intimate interactions between Mo and V species.
Equilibration on stream of the calcined catalysts also promotes
such interactions. Therefore, we suggest that synergistic effects
between these structurally related oxides could be responsible for
the enhanced catalytic performance of Mo11VP.
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