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Influence of the reduction state in the bulk and at the surface on the
behavior of MoO3 catalysts in the reaction of 2-butanol

(dehydration versus oxidation) in the presence of oxygen

F. Bertinchamps, E.M. Gaigneaux∗,1
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Abstract

The reaction of 2-butanol (dehydration to butenes versus total oxidation to CO2 and water) in the presence of oxygen is used as a probe
of the influence of the reduction state of MoO3-based catalysts on their behavior. Two different behaviors are revealed depending on the
extent of the reduction and on the manner by which this reduction is accommodated by the catalysts. Reduction accommodated through the
stabilization of bulk Mo sub-oxide phases is detrimental in terms of exchangeability of oxygen atoms. Such catalysts preferentially promote
the dehydration of 2-butanol on Brönsted sites, but do not succeed to oxidize it efficiently. In other words, they do not succeed to transfer
oxygen atoms into hydrocarbons through the MVK mechanism. At the opposite, a slight reduction localized at the catalyst surface through
the presence of Mo5+ species increases the exchangeability of surface lattice oxygen atoms. This makes the corresponding catalysts highly
efficient in the oxidation of 2-butanol, and most generally in oxidation reaction proceeding through the MVK mechanism.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

This work brings further understanding on the nature and
working mechanism of active sites on oxide catalysts. More
precisely, some light is shed towards the identification of the
most active MoO3-based catalysts in oxidation processes.
The influence of the extent of the reduction of the catalyst
and of the manner by which the latter accommodates the
reduction (i.e. its location in the bulk or at the surface) is
shown to have a crucial influence on the performances.

The Mars and van Krevelen (MVK) mechanism dictates
the performances of MoO3 and molybdate-based catalysts
in oxidation processes[1]. The incorporation of oxygen into
hydrocarbons is due to oxygen atoms belonging to the out-
ermost atom layer of the oxide lattice. For sake of clarity,
we shall term these oxygen atoms “surface lattice oxygen
atoms” (Osl). Surface lattice oxygen atoms are not mere ad-
sorbed oxygen species but they are part of the near surface
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layer of the bulk. Following the MVK concept, it could thus
be speculated that the oxides with the highest oxidation state
would bring the highest oxidation activities, because they
possess more oxygen atoms that can be used for the hydro-
carbon oxidation. But the activity of an oxide in oxidation
reactions is also dictated by the energy needed to transfer
their Osl atoms to the hydrocarbon. This energy likely de-
pends on the global oxidation state of the catalyst. It should
thus be envisaged that the most efficient state of the cata-
lyst for promoting oxidation reactions might not be the fully
oxidized one.

Several investigations of selective oxidation processes
have indeed suggested that a key to maximize the perfor-
mances of oxide catalysts (mainly VPO, MoO3 and molyb-
dates) is to stabilize them in a slightly reduced state[2–7].
In the case of MoO3, the presence of superficial Mo5+
species, i.e. Mo atoms with an oxygen vacancy in their
coordination sphere, has a beneficial influence on the per-
formances of the catalysts[4–7], and Mo sub-oxide phases
are found in the bulk of active catalysts[3,4]. Nevertheless,
several questions still remain unanswered concerning: the
role of Mo5+ in the active sites and the mechanism by
which Mo5+ species influence the reactivity of the active
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sites, the optimal concentration of Mo5+ species and their
best location (surface or bulk), the role of sub-oxide phases
and shear plane structures on the catalytic mechanism, in
particular on oxygen mobility and exchangeability, the ne-
cessity to stabilize such features in the catalysts to obtain
high oxidation performances, etc.

To shed some light on these aspects, the reaction of
2-butanol in the presence of oxygen was used as a probe of
the influence of the reduction state of MoO3-based catalysts
on their behavior. In this reaction, 2-butanol reacts following
two distinct routes. Dehydration to butenes happens on pro-
tonated superficial Osl atoms acting as Brönsted acid sites,
while oxidation also happens either to methyl-ethyl-ketone
(MEK) through selective oxidative dehydrogenation or to
combustion products[8]. The two routes differ by the fact
that, in the oxidation route, Osl atoms are transferred from
the oxide surface to the alcohol following the MVK mecha-
nism, while such transfer does not occur in the dehydration
route. The comparison of the selectivity of the two routes
thus constitutes a direct probe of the exchangeability of
Osl atoms and of the ability of the catalysts to perform
oxidation processes.

The strategy of our work consisted in measuring the per-
formances of MoO3 catalysts in the reaction of 2-butanol
in the presence of oxygen under conditions with different
oxido-reduction strengths. The reduction state of MoO3 was
thus delicately tuned during the reaction following two ap-
proaches. First, the reaction was run with different ratios
O2:2-butanol in the gas feed. Second, MoO3 was used in the
reaction alone and in the presence of Sb2O4. This approach
is based on the fact that Sb2O4 is able to keep Mo atoms
in higher oxidation states during catalysis in the presence
of oxygen [9]. The reduction state of the catalysts under
the different conditions was systematically characterized by
various physico-chemical techniques.

2. Experiments

2.1. Preparation of the catalysts

MoO3 and Sb2O4 were synthesized following procedures
described elsewhere[4]. This led to a fully oxidized Mo tri-
oxide material as ascertained by X-ray diffraction (XRD, ob-
tention of molybdite JCPDS file no. 05-0508, absence of Mo
sub-oxide), X-ray photoelectron spectroscopy (XPS, more
than 99 at.% of the superficial Mo is in the 6+ state) and con-
focal Raman microscopy (CRM, Mo is only present in the
octahedral coordination). The specific area of the sample was
0.36 m2 g−1. Concerning Sb2O4, the�-phase was obtained
as ascertained by XRD (cervantite JCPDS file no. 11-0694).
The specific area of the sample was around 1.5 m2 g−1.

Two physical mixtures of the obtained MoO3 and Sb2O4
powders were prepared with two different mass fractions
of Sb2O4, namely 0.5 (mixture hereafter noted as 1/1) and
0.666 (mixture hereafter noted as 1/2). Both mixtures were

obtained by delicately interdispersing the two oxides with a
spatula, and without applying any further thermal or chem-
ical treatment.

2.2. Catalytic activity measurements

The reaction of 2-butanol was conducted in a fixed bed
microreactor at 493 K. The tests with the different catalysts
were conducted at constant mass of MoO3 (500 mg) in the
reactor. The partial pressure of 2-butanol (Acros, 99%) was
70.8 mmHg for a total flow of gas He(Indugas, 99.995%)+
O2 (Indugas, 99.995%) of 70 ml min−1. In order to tune the
ratio O2:2-butanol in the reaction feed, the flow of O2 was
adjusted between 0 and 39 ml min−1, with correspondingly
the flow of He adjusted to keep the total gas flow constant.
O2:2-butanol ratios investigated were 0, 0.25, 0.5, 0.75, 1,
2, 3, 4, 5 and 6.

2.3. Characterization

The catalysts were characterized before and after the
catalytic tests by specific area measurements, XRD, XPS
and CRM. XRD was carried out on a Siemens Kristalloflex
D-5000 equipment inθ/2θ mode using Cu K� radiation
for 2θ angles going from 5 to 70◦. The scan rate was
0.45◦ min−1. Specific area measurements were performed
with a Micromeritics ASAP 2000 equipment. The analysis
was based on the adsorption of Kr at 77 K after that the
samples were degassed at 423 K and 0.3 Pa during 90 min.
XPS was performed with an Axis Ultra spectrometer from
Kratos working with a monochromatic Al K� radiation.
Mo 3d, O 1s, Sb 3d and C 1s bands and survey spectra
were recorded. CRM was performed with a Labram spec-
trometer (Dilor) working with a He–Ne laser (632.8 nm) at
10 mW. Further details on XPS and CRM experiments and
corresponding data treatments are provided elsewhere[10].

The oxidation (or reduction) state in the bulk and at the
surface of the catalysts was evaluated on the basis of the
presence and intensity of diffraction peaks typical of Mo
sub-oxide phases (principally the peaks at 25.3 and 38.3◦ for
Mo9O26—JCPDS file no. 12-0753, and at 33.9 and 46.7◦
for Mo4O11—JCPDS file no. 05-0337), of Raman peaks
typical of tetrahedrally coordinated Mo species (principally
the peak at 888 cm−1 corresponding to the tetrahedral�
OMo2 vibration), and of Mo4+ and Mo5+ contributions in
the Mo 3d band (Mo 3d5/2 at about 230.4 and 232.0 eV,
respectively; Mo6+ 3d5/2 being observed at 233.3 eV).

3. Results

Independent of the catalyst and the composition of the
gas feed, 2-butanol only undergoes the dehydration and the
total oxidation routes. But no MEK is formed. The evolution
of the catalytic performances with the O2:2-butanol ratio in
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Fig. 1. Performances as a function of the O2:2-butanol ratio in the gas feed: (�) pure MoO3; (�) mixture MoO3/Sb2O4 1/1; (�) mixture MoO3/Sb2O4

1/2. Data correspond to performances measured after 10 h of reaction.

22 24 26 28 30 34 36 38 40

a

b

c

d

*

*

*

*

#

*,#*,#

o
o

700 750 800 900 950Raman shift (cm-1)

a

b

c

d

888 cm-1

(A) (B)

Fig. 2. (A) XRD and (B) CRM spectra of (a) fresh pure MoO3, (b) pure MoO3 after reaction under ratio O2:2-butanol of 2, (c) pure MoO3 after reaction
under ratio O2:2-butanol of 0.5, (d) the mixture MoO3/Sb2O4 1/1 after reaction under the ratio O2:2-butanol of 0.5: (∗) peaks of Mo9O26; (#) peaks of
Mo4O11; (O) peaks of Sb2O4.

the reaction feed is plotted inFig. 1 for pure MoO3 and the
mixtures with Sb2O4.

Pure MoO3 does not undergo any modification when
it is used in the reaction with O2:2-butanol ratios higher
than 0.75. But it clearly undergoes a reduction when it
is used in the reaction with O2:2-butanol ratios of 0.75
and lower. For the samples recovered after catalysis under
these lower ratios, (i) XRD peaks of crystalline Mo9O26
and Mo4O11 phases are found. Their intensities grow when
the O2:2-butanol ratio decreases, and correspondingly, the
peaks of MoO3 vanish (Fig. 2A). (ii) Raman peaks typi-
cal of octahedrally coordinated Mo are less intense. As a
counterpart, the peak at 888 cm−1 typical of tetrahedrally
coordinated Mo appears (Fig. 2B). (iii) The contribution
of Mo6+ species drops below 70% of the total superficial
Mo, and those of Mo5+ and Mo4+ reach about 30 and 4%,
respectively (Fig. 3). Independently of the gas feed compo-
sition, specific areas for pure MoO3 after reaction do not
present any significant difference from the fresh sample. All
data remain in the range 0.4 ± 0.1 m2 g−1 and can thus not
be evoked to account for any difference of performances.

As expected, Sb2O4 inhibits the reduction of MoO3 dur-
ing catalysis. For either mixture, diffraction peaks of Mo
sub-oxides, Raman peaks of tetrahedrally coordinated Mo
species and superficial Mo4+ species are never detected pro-
vided that O2 is present in the reaction feed. Superficial

Mo5+ species are detected with an increasing contribution
when the ratio O2:2-butanol decreases. As for pure MoO3,
specific areas for both mixtures after reaction do not present
any significant difference from the fresh samples. All data
remain in the range 1.6±0.1 m2 g−1 for the mixture 1/1 and
in the range 1.7 ± 0.1 m2 g−1 for the mixture 1/2 and can
thus not be evoked to account for any difference of perfor-
mances.

4. Discussion

No direct interpretation of the data shown inFig. 1could
be found. The reason for that is likely that the observed vari-
ation of catalytic performances is induced by the simultane-
ous effect of two parameters, namely the ratio O2:2-butanol
in the feed and the proportion of Sb2O4 in the catalyst. A
multi-variate approach was thus adopted. As the evoked pa-
rameters are both expected to influence the oxidation state
of the catalysts at work, the performances were plotted ver-
sus the characterization data. Interesting results came from
the correlation of the performances with the extent of the
Mo5+ contribution at the catalyst surface.

Fig. 4reveals the existence of two very different catalytic
behaviors depending on the extent of the superficial Mo5+
contribution. Domain I gathers catalysts stabilized with a
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Fig. 3. Decomposition of the Mo 3d band (XPS) to Mon+ species for: (a) fresh pure MoO3, (b) pure MoO3 after reaction under ratios O2:2-butanol of 2,
(c) pure MoO3 after reaction under ratio O2:2-butanol of 0.5, and (d) the mixture MoO3/Sb2O4 1/1 after the reaction under the ratio O2:2-butanol of 0.5.

Mo5+ contribution up to 11% of the total superficial Mo.
Other features are a Mo4+ contribution below 1% and, the
absence of Mo sub-oxide phases in the bulk and of tetrahe-
drally coordinated Mo species. The conversion of 2-butanol
remains low and is not significantly affected by a modifica-
tion of the extent of the Mo5+ contribution at the surface of
the catalysts. The yield to butenes decreases with the Mo5+
contribution increasing. But the most striking effect is the
dramatic drop of selectivity to butenes undergone by the
catalysts of domain I when the Mo5+ contribution at their
surface increases. In other words, MoO3 preferentially cat-
alyzes the dehydration of 2-butanol when it has its surface
in a near-fully oxidized state, but it catalyzes the oxidation
of 2-butanol when its surface is slightly reduced.

Compared to domain I, domain II obviously corresponds
to catalysts with a very different catalytic behavior. The fea-
tures of the catalysts gathered in domain II are: more than

24% of the superficial Mo in the Mo5+ state and a Mo4+ con-
tribution higher than 2%, the presence of sub-oxide phases
in their bulk (Mo9O26 and/or Mo4O11) and of tetrahedrally
coordinated Mo. When the contribution of Mo5+ species in-
creases, conversion of 2-butanol and yield in butenes slightly
increase, and the selectivity to butenes remains high and
constant. The increase of conversion and yield is nicely cor-
related with the amount of sub-oxide phases present in the
samples as estimated from XRD data (correlation not shown
here).

These results shed light on the nature and working mech-
anism of the active sites of MoO3 involved in the reaction
of 2-butanol in the presence of oxygen. Mo atoms stabilized
at the surface of the catalyst in the 5+ state do not have the
same effect on catalysts with a fully oxidized MoO3 bulk, or
on catalysts with their bulk at least partially stabilized dur-
ing the reaction in a sub-oxide MoO3−x state. The catalysts
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Fig. 4. Performances as a function of the fraction of Mo5+ species at the
surface of the catalysts. Same symbols as forFig. 1.

in domain II have a strong tendency to perform the dehydra-
tion of 2-butanol, but not to oxidize it. These catalysts thus
have their surface lattice oxygen atoms almost not available
for the MVK mechanism. Our work shows that the Brönsted
acid sites of the catalysts with a MoO3−x sub-oxide bulk are
likely located on Mo5+ species. Oxygen atoms associated to
these sites only have a weak tendency to be transferred from
the catalytic surface and inserted into hydrocarbons. They
are likely strongly bound to Mo and must thus be regarded
as having only a poor efficiency in oxidation.

Concerning the catalysts of domain I, namely catalysts
with a fully oxidized MoO3 bulk, the decrease of the yield
to butenes when the Mo5+ contribution increases at the ex-
pense of the Mo6+ species shows that Brönsted acid sites
of these catalysts are located on Mo atoms in the 6+ state.
But the drop of selectivity to butenes when the Mo5+ contri-
bution increases indicates that the oxygen atoms associated
to these Brönsted sites have their selectivity to the dehy-

dration decreased in the neighborhood of Mo5+ atoms. Osl
are thus less strongly bound to a Mo6+ atom bridged to a
Mo5+ atom than it is to a Mo6+ atom bridged to another
Mo6+ atom. Such difference of bound strength could be ten-
tatively interpreted at the atomic scale as due to a partial
delocalisation of the unappariate electron of Mo atoms in
the 5+ state and the resulting slightly negative charge on the
oxygen atom bound to a neighbor Mo atom in the 6+ state.
However, alternative and/or complementary interpretations
could be evoked at a more macroscopic scale such as the
high flexibility of sub-stoichiometric, eventually amorphous,
oxide surfaces. Such flexibility makes slightly reduced ox-
ides “breathing” and exchanging oxygen atoms more easily
and additionally eventually induces the reconstruction of ini-
tial superficial crystalline structures to others with different
oxygen species exposed, with corresponding likely different
oxidant/exchangeable characters and selectivities[10].

5. Conclusion

Our work confirms that the extent of the reduction of
MoO3-based catalysts has a deep influence on their perfor-
mances in processes involving oxygen. The most striking is
the fact that depending on the manner by which this reduc-
tion is accommodated, the catalysts change of behavior and
have their efficiency to participate in the MVK mechanism
completely modified. Reduction accommodated through the
stabilization of Mo sub-oxide phases in the bulk is shown to
be detrimental in terms of oxygen exchangeability. Such cat-
alysts may activate reactions involving surface lattice oxy-
gen atoms without incorporation of these atoms into the re-
actant, like the dehydration on Brönsted sites, but they are
poorly active in oxidation MVK processes. At the opposite,
a slight reduction localized at the surface of a fully oxi-
dized MoO3 bulk through the presence of Mo5+ species in-
creases the exchangeability of surface lattice oxygen atoms.
Such catalysts activate with high efficiency the incorporation
of oxygen into hydrocarbons through the MVK oxidation
mechanism. Our results suggest that bulk Mo sub-oxides are
not the absolute solution to promote oxidation processes.
They also points to a paradox of heterogeneous catalysis
that, despite they possess less oxygen atoms, slightly reduced
MVK catalytic surfaces are more oxidant than fully oxidized
ones.
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