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Abstract
The effect of tungsten incorporation in the surface composition and its catalytic performance is evaluated for alumina supported Mo-V-O, Mo-

W-O, V-W-O and Mo-V-W-O nanostructurated-oxide catalysts. The characterization results reveal that the surface of Mo-V-W-O catalysts is

further different from the binary counterparts, due to the presence of stabilized and reduced structures dispersed on the support. Such species are not

present in the Mo-V-O catalysts; indicative that tungsten acts as a structural–chemical promoter. The in situ FT-IR study of these catalysts under

propane + oxygen atmosphere showed that Mo-V-W-O catalyst is able to thermally activate the propane oxotransformation and ODH-products are

registered in the gas-phase whereas oxygenate-compounds are detected on the surface of catalysts.
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1. Introduction

Most catalysts for selective oxidation to functionalized

hydrocarbon molecules, possess vanadium as a key element

[1–9]. Vanadium containing bimetallic-oxide catalysts are

efficient for alkane-oxotransformation to olefins, oxygenates

and nitriles [2–10]. Mo-V-O oxides are being investigated as

catalysts for many oxidation reactions [11], especially for the

dehydrogenation (ODH) of light saturated hydrocarbon, as

propane [12–15], the ammoxidation to acrylonitrile [16–21] or

the selective propane oxidation to acrylic acid [22–25]. The

effect of the incorporation of Mo to V-containing catalysts

results in a replace of the polyvanadate structure with less

reactive V–O–Mo structure, leading to lower reducibility and

oxidative dehydrogenation rates [13,14].

V-W (or Mo) catalysts supported on titania are commonly

used for De-NOx SCR by ammonia [26–29]. These bimetallic

supported catalysts are known to have a wider SCR-

temperature window activity than vanadium ones [30,31].

Also, tungsten was used as second component in Sb-V-O

catalysts for propane ammoxidation and it was reported that the

tungsten favours the selectivity towards acrylonitrile [32].
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The bimetallic containing V system can be, apparently,

tuned with a third component incorporation to catalyst

formulation [10], as W or Mo. Multimetallic Mo-V-W-O bulk

oxides appear to be promising as catalysts for selective

oxidation processes [33–36] and this system is claimed as the

most selective for the oxidation to acrylic acid from acrolein. At

least two different Mo-V-W-O phases have been identified in

bulk Mo-V-W-O catalysts [33]. It has been demonstrated that

there is an improvement of the catalytic performance in the

acrolein oxidation related to the formation of a (MoVW)5O14-

type mixed oxide [34,35]. But some more structures have been

identified in these catalysts; especially a (MoVW)2O5�x

structure that appears to be involved in the catalytic cycle [36].

It is the aim of present work to analyze the surface

composition and catalytic behaviour of bimetallic systems

(MoV, MoW and VW) and compare the results with those

obtained with the MoVW sample in order to evaluate the

possible synergism of the metallic-oxide species. Mo-V-W-O

nanoscaled oxides have been stabilized to avoid the formation

of clusters on alumina support, allowing a better insight of the

nature of the active sites [37–38].

The overall reactivity is evaluated considering that the

multioxide catalysts posses a superficial sensitivity to oxygen

and also a certain capacity to activate hydrocarbons. This fact is

determined by metallic electronic interactions, adsorption

affinity and mobility of lattice oxygen.

mailto:luijo@uma.es
http://dx.doi.org/10.1016/j.cattod.2006.07.012
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Table 1

Equivalent composition (wt.%) and surface area (BET) of the supported

catalysts

V (wt.%) Mo (wt.%) W (wt.%) ABET (m2 g�1)

Mo-V 3.63 6.99 – 114

Mo-W – 7.37 12.70 116

V-W 3.72 – 13.78 113

Mo-V-W 2.50 4.69 9.15 129

Fig. 1. XRD patterns of Mo-V-W-O/Al2O3 catalysts.
2. Experimental

The synthesis of the catalysts was carried out by incipient

wetness impregnation method in one step of the Al2O3

support (Alpha Aesar, 150 m2 g�1); using ammonium metana-

vanadate (NH4VO3), ammonium molybdate tetrahydrated

((NH4)2MoO4�4H2O) or ammonium metatungstate hydrated

((NH4)6W12O39�xH2O) as metals precursors using oxalic acid as

complexing agent. The solution was kept at least for 12 h before

impregnation to be sure that it was totally stabilized. Materials

were dried during 12 h at 373 K (100 8C) in air and then calcined

at 873 K (600 8C) during 2 h. Catalysts were prepared with

a coverage of eight atoms for nm2 of support. Mo/V, V/W and

Mo/W atomic ratio values were fixed at 1 for all the samples.

Nitrogen adsorption isotherms were recorded (outgassed at

413 K for 2 h) on an automatic Micromeritics ASAP-2000

apparatus. X-ray diffraction patterns (XRD) were recorded on a

Siemens D-501 diffractometer using Cu Ka radiation (opera-

tion value 40 kV and 22.5 mA) registered Bragg’s angles

between 10 and 708. UV–vis spectroscopy in diffuse reflectance

(UV–vis-RD) was recorded using a Jasco V-570 model

spectrometer between the 200–800 nm of wavelength. Spectra

are normalized according to Kubelka-Munk function.

Raman spectra were carried out with a single monochro-

matic Renishaw System 1000 equipped with a cooled CCD

detector (�73 8C) and holographic super-Notch filter. The

holographic Notch filter removes the elastic scattering while the

Raman signal remains very high. The samples were excited

with the 514 and 632.8 nm lines. Spectra were registered under

dehydrated conditions (ca. 120 8C) in a hot stage (Linkam TS-

1500) under dry air stream. Hydrated samples were obtained at

room temperature after and under exposure to a stream of

humid synthetic air.

Photoelectronic spectra (XPS) were acquired with a physical

electronic 5700 spectrometer equipped with a hemispherical

electron analyser and Mg Ka X-ray exciting source (1253.6 eV,

15 kV, 300 W). Binding energies (BE) were calculated using

the C1s peak at 284.9 eV. The accuracy of the BE values was

�0.2 eV. A strategy was established for the mathematical

deconvolution and in all cases we adjust the signal, after

background subtraction, to a mathematical response consistent

of a distribution Gaussian–Lorenztian (80–20%, respectively)

with an error x2 minimum; the contribution of each signal to the

global one, expressed as relative percentage is the area under

the curve and the maximum of the distribution are associated to

the value of the bond energy.

FTIR spectra were recorded on a Nicolet Avatar 360. The

coadsorption in situ reactivity runs were performed using pressed

disks of the pure powders activated by outgassing at 773 K in the

IR cell. Runs were performed in propane/oxygen (2/1) static

atmosphere considering the thermally evolution registering

simultaneously the surface response and the gas-phase spectra.

3. Results

The composition and ABET of the catalysts are listed in the

Table 1. The area values are quite similar for all the bimetallic
samples (113–116 m2 g�1) as expected since all of them posses

the same coverage (superficial atomic density). It should be

noted that the trimetallic sample (MoVW) presents a slight

deviation (129 m2 g�1) with respect the bimetallic counterpart.

The difference regarding the support (�190 m2 g�1) might

correspond with the overall alumina dispersion capacity.

XRD patterns of catalysts are shown in Fig. 1. Weak features

near 46 and 688 are detected in all samples and correspond to

the alumina support (JCPDS file 37-1462). Two weak signals

(low-signal/background ratio) near 23.6 and 34.18 appears in

the XRD patterns of the bimetallic W containing samples

(MoW and VW) and correspond to the most intense peaks of

WO3 (JCPDS file 83-0951). A feature near 38.28 is detected in

all the samples. It is probably associated to different multi-

metallic segregate oxides. For the trimetallic catalyst, MoVW,

no signals are further evidenced.

Fig. 2 shows the electronic profiles (UV–vis-DR) of the

alumina-supported catalysts. While the alumina is almost

transparent in the UV–vis whole region, the bimetallic catalysts

which include vanadium in their formulation (VW and MoV),

present a similar wavelength wideness with the maximum close

to 350–370 nm and superimposed a shoulder to 260 nm;

whereas the main absorption intensity for MoV decreases. For

bimetallic Mo-containing catalysts the substitution of V for W

produces a blue-shift of the absorption signal, and the FWHM

of the signal becomes lower. In the 200–500 nm region the

different absorptions are associated to charge transfer transi-

tions (O2�!Mn+) [39] from the O2p valence bands of the

supported oxides to the V3d (lowest energy compares with those

of Mo and W levels), Mo4d and W5d orbital distanced to the

bulk individual oxides. Only for MoV catalyst is detected some
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Fig. 2. UV–vis–NIR spectra of Mo-V-W-O/Al2O3 catalysts.
absorption in the visible region and is associated to d–d

transitions of reduced centers.

The MoVW electronic profile is different from those

obtained for the binary samples and the spectrum is not an

intermediate situation between the Mo-containing catalysts

spectra. A synergism between metallic centers is suggested:

the maximum is shifted to higher wavelengths (390 nm) and

the absorption intensity has decreased, also, an absorption in

the whole visible region is observed. It should be considered

the presence of quasi-free electrons or d–d transitions of the

reduced metallic centers that are sensitive to outgassing and the

visible radiation. This shows that when V, Mo and Ware added

to the alumina support, the metallic-oxide centres differ from

those presented in the binary samples. An electronic

interaction between oxide–surface species may occur through

oxygen bridging of the polyhedral structure, facilitated by a

lower equivalent overall coordination [39,40].

In Fig. 3 are shown the Raman spectra registered with the

514 nm exciting line. By using the line of 632.8 nm differences

in the spectra of bimetallic catalysts were not observed;
Fig. 3. Raman spectra of Mo-V-W-O/Al2O3 catalysts excited with the 514 nm

line and spectrum of Mo-V-W sample excited with the 632.8 nm line.
however the Raman profile is enhanced due to exciting line for

MoVW sample. The spectrum of MoW sample show broad

Raman bands near 800, 700 and 270 cm�1 typical of WO3

polymorphic oxide [41], in agreement with the incipient XRD-

signal observed. Probably incipient WO3 nanocrystallites are

detected in VW sample according to the Raman spectrum,

which shows weak signals of this compound. A very weak,

broad and asymmetric mode near 1000 cm�1 is detected in the

Raman profile of the binary samples, and it is sensible to

hydrating conditions. This broad feature could be correlated to

M O terminal stretching mode of surface-oxide species

[26,41,42]. No Raman bands corresponding to V2O5 or

MoO3 segregate oxides were detected for VMo sample. The

Raman spectrum shows a broad signal close at 1000 cm�1 and

superimposed a weak-shoulder at 1024 cm�1; sensible under

hydrating conditions, assigned M O stretching modes [42] of

dispersed V-Mo-Ox species, respectively. Besides a broad

signal centered at 860 cm�1 is also registered in the Raman

profile, that it might be associated to the polymeric Mo-O-V

alumina bidimensional superficial species.

The Raman spectrum using the exciting line of 514 nm of

MoVW catalyst is further different. It could be detected two

very weak signals near 1007 and 230 cm�1. These modes are

enhanced when the 632.8 nm exciting line is used; and also

weak signals near 770, 370 and 330 cm�1 are evidenced. These

enhanced bands have been previously detected for higher metal

loading, above monolayer, for alumina supported Mo-V

catalysts by Bañares et al. [13] and by Iglesia and co-workers

[14,43] when the catalysts have undergone an activation

process or after reaction. The modes at 1007, 230 and

770 cm�1 appear to arise from common V-Mo oxo-structure

containing V–O–Mo bonds, but a definitive assignment has not

been performed yet [14]. Some features near 860 and 800 cm�1

can be appreciated in Raman spectrum of MoVW sample

excited with the 632.8 nm line. These bands have been

attributed to the presence of partially reduced Mo–V–O phases

for bimetallic Mo and V containing catalysts, detected in bulk

systems or when the metal loading excess the dispersion

capacity of the support [13,44–46]; these bands are not

detected over multimetallic supported fresh-catalysts with an

overall loading close to a monolayer alumina surface coverage.

The tungsten incorporation could induce a rearrangement of

the polyhedral reduced metallic centers by electronic inter-

action, permitting a chemical stabilization of centers, even

when the catalyst is calcined in air at higher temperatures. The

loss of Raman signal might be associated to the scattering

effect by the coupling of the exciting laser wavelength with an

increasing absorption by the reduced centers density popula-

tion. This effect is associated to a rearrangement of surface

metallic with a more homogeneous coordination stabilized by

tungsten incorporation.

Table 2 summarizes the XPS data. Mo6+ and Mo5+ surface

species led to two unresolved bands close to 235.0 and

232.3 eV in agreement with the results obtained by Mestl et al.

with bulk Mo-V-W samples [33]. Mo4+ species were detected

as a separate contribution close to 230.9 eV. Curve fitting was

conducted in order to determine the relative contributions of
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Table 2

Binding energies (eV) and relative contribution of signals (%) for the supported

catalysts

V2p Mo3d W4f

Mo-V 517.4 (73%) 235.0–232.3 (91%) –

516.1 (27%) 234.0–230.9 (9%)

Mo-W – 235.0–232.3 37.7–35.7

V-W 517.0 (36%) – 37.7–35.7

516.1 (64%)

Mo-V-W 517.1 (32%) 235.1–232.4 (91%) 37.5–35.5

515.9 (68%) 233.8–230.7 (9%)
Mo6+/Mo5+ and Mo4+ species. The spin-orbit splitting between

the Mo3d5/2 and Mo3d3/2 signals was fixed to 3.1 eV and the

intensity ratio was set to 0.67. The relative population of Mo6+–

Mo5+ and Mo4+ resulted 90/10(%), respectively, for the V-

containing samples. For the V-free sample, no Mo4+ associated

signals were detected. Only one signal of W6+ is detected for all

the samples (Table 2), indicative that W is not reduced. The V2p

signal is contribution of two components. The one at higher BE

(above 517.0) is assigned to V5+ species and the second at lower

binding energy is associated to V4+ [33]. Samples containing

tungsten (VW and MoVW) present the majority of vanadium

population reduced as V4+ whereas for sample MoV the 73% of

them appear to be oxidized as V5+. So, it appears that tungsten

induces vanadium species to remain reduced as V4+. These

results are in agreement with those reported in literature for
Fig. 4. In situ FTIR spectra of Mo-V and Mo-V-W catalysts under propane oxidat

(activated catalysts and gas phase spectra have been subtracted). (B) Mo-V and (

subtracted).
bulk Mo-V-W mixed oxides [33]. It should be notice that BE

values seem to shift depending the metal incorporated to the

formulation, probably by the chemical environment modifica-

tion induced by the presence of a third component.

Fig. 4 shows the in situ oxotransformation (C2H8/O2 = 40/20

relative pressure in torrs) after a thermal activation in vacuum

(RT to 400 8C) carried out by FTIR (i.e. molecular approaching

considering the surface and the homogeneous phase rounded

the pellets inside the IR-cell). The experiment was performed

over MoV (A and B, respectively) and MoVW (C and D).

Fig. 4A shows that there are not surface species adsorbed on

the surface of MoV catalyst. Simultaneously, in the spectrum of

the gas phase (the initial mixture of gas contribution was

substrated), species corresponding to a partial overoxidation

were not detected.

A suggestive change was registered with the W-containing

catalyst. Fig. 4C shows broad features between 1350 and

1560 cm�1 associated to acetate and enolate species [47]. To

higher wavenumbers a band close to 1680 cm�1 can be

appreciated, related to acetone [48] and/or carboxilates [49] as

superficial retained species that appears at 100 8C. These

features (1370, 1460, 1560 and 1630 cm�1) are in agreement

with the acrolein adsorbed spectra reported by Davydov [50]. In

the spectra of the gas-phase are detected the modes associated

to oxidation products as CO (2172 and 2123 cm�1), CO2 (2359,

2338 and 667 cm�1) and ODH-derivate: mainly propylene

(990 cm�1) detected at the highest temperature (400 8C,

Fig. 4D).
ion environment (propane and oxygen). (A) Mo-V and (C) Mo-V-W catalysts

D) Mo-V-W gas phase (gas phase spectrum at ambient temperature has been
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4. Discussion

The preparative protocol (a single step) of the catalysts, with

loading close to the theoretical dispersion capacity of alumina,

facilities the mixed spreaded structures formation between Mo,

V, and W [51,52] hindering the phases segregation. Only

tungsten appears as incipient WO3 nanocrystals according to

Raman spectra (Fig. 3) in the sample MoW; in accordance with

Wachs results that showed than the amount of W atoms on one

monolayer of alumina is close to 4.0 [53], value close to that

loaded in this sample. Mo-V-W alumina supported system has

shown a different overall behaviour quite different that the

corresponding binary counterparts. The W presence by

incorporation to MoV catalyst produces a partially reduced

and stabilized superficial structure. These structures are detected

by the electronic spectra (UV–vis-DR, Fig. 2), whose maximum

is shifted to 390 nm, the relative intensity decreases and the

profile is extended to the visible region. Also a modification is

observed in the Raman profile since two outstanding modes

sensitive with the line exciting wavelength are detected. In

addition, the XPS data also indicate a change in the reduced

population species ratio (Table 2), V is as V5+ in Mo-V sample

whereas the majority of V is partially reduced in the MoVW

sample. The minor modification of the BE values is determined

primarily by interaction between the metallic superficial centers.

It is interesting to note that the amount of Mo and V in the

binary sample is higher (50% of theoretical surface coverage of

each one and as the relative atomic percentage) than in the Mo-

V-W sample; whose relative nominal content is about 0.33 of

the total coverage in order to maintenance the relative metal–

metal atomic ratio. So, we could expect that is easier that Mo

and V interact to form mixed structures in the binary sample,

but the characterization results clearly show that Mo-V-O

reduced phases are detected in the Mo-V-W sample. Vanadium

spectral features for the ternary alumina supported system

nicely indicate that the main interaction is between the co-

supported oxide structures while the alumina interaction is

certainly weaker. The above observations underline the

existence of a mutual electronic interaction that may operate

via oxygen bridging rearrangement conditioned by the mixed

and stabilized metallic spread structure.

In situ catalytic runs, considering C2H8/O2 = 2/1, showed

that alumina is not controlling the reaction pathway. The W

incorporation, apparently, induces that the superficial amount

of propane retained is higher than for bimetallic catalyst.

Besides MoVW catalyst can activate the propane molecule

under relatively mild conditions. The presence of weak-modes

associated to acetone and acetate species, major over-oxidation

precursors, is probably consequence of a residual Bronsted

acidity. The W incorporated to MoV catalyst produces an

improvement of propane-ODH and releases in the gas phase of

propylene. The propylene partial retained undergoes an ulterior

partial oxidation by interaction with the nucleophilic lattice

oxygen to produce acrolein that might be latter release. The

selectivity to propylene must be achieved by interaction with

less-nucleophilic superficial species than surface oxygen ions.

This fact involves to the superficial oxygen species with an
appropriate site to transform the propane molecule to

propylene, facilitating the release into gas-phase. However to

transform the propane molecule into oxygenates (acrolein)

requires a modification of the electron transfer through the

catalyst surface oxygen mobility: involving both a reactant-

sites geometry as a superficial defects equilibrium that could be

established by the presence of a third component as tungsten.

Surface vanadium and molybdenum are the active surface

sites in propane ODH [13–15,24], and it is reported that do not

present appropriate results in the production of oxygenates

[24,54]. In V-Mo-O (bulk or quasi-bulk systems) vanadium

population is essentially as V5+, but the incorporation of Te or

Nb induces the formation of V4+ species improving the

selectivity to oxygenates [24,48]. Also, it is reported that when

Sb is added to V-based catalysts, V4+ is stabilized by formation

of VSbO4 phase, improving acrylonitrile selectivity [38,55,56].

These results are in line with those obtained in present paper.

The differences founded in the characterization of Mo-V and

Mo-V-W supported samples showed how the population of

reduced vanadium species is higher when tungsten is present.

The differences in the reactivity of both samples is underlined

by the in situ-FTIR experiments that showed how propylene

and oxygenates are detected on the gas-cell and the surface of

catalysts under reaction environment whereas these are not

registered on the surface of Mo-V sample. So, vanadium

reduced and stabilized in the superficial species are involved in

the selective oxotransformations. Mo-V-W bulk systems are

known to be active as partial oxidation catalysts, especially for

the oxidation of acrolein to acrylic acid [33–36], involving

vanadium reduced centers that were improved by thermal

treatment, and the reactivity is related mainly to the oxygen

mobility on the surface.

5. Conclusion

The results presented in this contribution clearly show how

the incorporation of W to Mo-V catalysts leads to the

stabilization of reduced Mo-V-O superficial structures enhan-

cing the selectivity to propylene and oxygenates. The structure

provides accessible active centers that improve ion mobility to

the surface of catalyst. So, the addition of W leads to significant

changes in the surface properties which affect both, catalyst

activity and selectivity in the oxotransformation of propane. It

can be tentatively assumed that a change in the superficial

nanoscale rearrangement of multioxide centers (caused by the

structural and chemical character of tungsten) is the reason for

the changes observed in the in situ catalytic runs.
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