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Abstract

One of the most striking features of molybdenum oxide is the versatility of its catalytic properties, which are determined
by the valence state of molybdenum ions and their local environment. It may be anticipated that MoO, surface must contain
catalytic sites which are active in different types of elementary steps. Different probe catalytic reactions were thus applied to
monitor the changes of the concentrations of various types of active sites in the course of the reduction of MoO; to MoO,
and to unravel their role in the complex reaction network of such molecule as butene. Isomerization of 3,3-dimethylbutene-1
was used to characterize Brgnsted acid sites, the ability of the MoO, surface to generate allylic species was determined by
the isomerization of 2,3-dimethylbutene-2. The presence of sites inserting oxygen into the hydrocarbon molecule was
identified by the reaction of allyl iodide to form acrolein. Dehydrogenation of butene-1 to butadiene was applied as the test
reaction to detect sites responsible for abstraction of § hydrogen. Total oxidation was taken as a measure of the

concentration of sites adsorbing electrophilic oxygen. The nature of different sites is discussed.

Keywords: Molybdenum; Catalytic properties

1. Introduction

One of the most striking features of molybde-
num oxide is the versatility of its catalytic prop-
erties [1]. Molybdenum oxide-based catalysts
are active and selective in many reactions be-
longing to very different types such as reactions
with the participation of hydrogen or oxygen,
which may be considered as redox processes, as
well as isomerization, addition or decomposi-
tion, which are usually classified as acid-base
processes. Parameters which determine the cat-
alytic behaviour of molybdenum oxides are the
valence state of molybdenum ions, their local
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environment and the type of crystal plane, on
which they are exposed. It may thus be antici-
pated that MoO, surface must contain catalyti-
cally active sites which are active in different
types of elementary steps.

When an olefin is brought in to contact with
a MoO, surface, a complex reaction network
may develop, as illustrated in Fig. 1 for the case
of butene [2]. An olefin molecule begins to
interact with the surface by forming weak hy-
drogen bonds with the surface OH groups. These
groups show Brgnsted acid properties strong
enough for the transfer of a proton from the
surface to the olefin to take place resulting in
the formation of a carbocation. This may start
the whole network of reactions proceeding by
the carbocation mechanism, like isomerization,
cracking, etc.
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Fig. 1. Reaction network of butene-1 on MoOj; catalyst.

The  bond of the olefin, instead of interact-
ing with a surface proton, may react with an
empty orbital of molybdenum and form a sur-
face m-complex. Polarized Mo-O bonds on
(100) and (101) crystal planes can readily inter-
act with C-H bond in the a position of the
olefin which results in the abstraction of hydro-
gen and formation of an allylic species. The
surface oxygen ions O>~ on the (010) plane,
bridging the MoO, octahedra, which are charac-
terized by strong basic properties [3] may per-
form a nucleophilic attack on the allyl leading
to the formation of an aldehyde in case of an
attack on the primary carbon atom or ketone in
case of the secondary one. The question of the
role of different crystal planes of MoO; in the
oxidation of hydrocarbons has been in recent
years a subject of a lively discussion [4-9].

It may be thus concluded that MoO, surface
must contain catalytically active sites which
participate in at least five types of elementary
steps:

(i) isomerization of olefins through the for-
mation of carbocations,

(ii) abstraction of a hydrogen to form allylic
species,

(iii) abstraction of the second hydrogen re-
sulting in the formation of diene,

(iv) nucleophilic addition of oxygen to the
allyl to form oxygenated precursor (aldehyde or
ketone),

(v) generation of electrophilic oxygen species
O, O; or O, which are involved in total
oxidation of the organic molecule to CO,.

It could be anticipated that the relative sur-
face concentrations of these sites should be
strongly dependent on the degree of reduction
of the oxide. It seemed therefore of interest to
apply different probe catalytic reactions to mon-
itor the changes of the concentrations of differ-
ent types of active sites in the course of the
reduction of MoO, and to unravel their role in a
complex reaction network of such molecules as,
for example, butene.

2. Experimental
2.1. Materials

MoO; supplied by Climax Molybdenum Co.
was prior to the experiments calcined at 500°C
for 5 h in air. Its surface area, determined by the
BET method from low temperature krypton ad-
sorption, was 2.59 m? g~ '. It was a powder
material composed of small crystallites approxi-
mately spherical in shape. The Bi-doped cata-
lyst was prepared by impregnation of MoO; in
the aqueous bismuth nitrate solution. The im-
pregnation did not cause any changes of mor-
phology or surface area. Propene, butenes, 3,3-
dimethylbutene-1 (3,3-DMB-1), 2,3-dimethyl-
butene-2 (2,3-DMB-2) were supplied by Fluka
(purum), allyl iodide by Merck.

2.2. Techniques

2.2.1. X-ray diffraction

The X-ray powder diffraction (XRD) investi-
gations were carried out with the DRON-2
diffractometer using X\ = 0.15405 nm radiation.

2.2.2. IR spectroscopy

IR transmission spectra were obtained with a
SPECORD M-80 spectrometer using pellets
containing 1.5 mg of the sample in 800 mg of
KBr.
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2.2.3. X-ray photoelectron spectroscopy

X-ray photoelectron spectra were recorded
with a VG ESCA 3 apparatus using monochro-
matic Al1K_ radiation with an energy of 1486.6
eV. Specimens were taken out from the cat-
alytic reactor and deposited on a copper holder
from an acetone suspension or by powdering
onto adhesive tape. The measurements were
carried out at a temperature of 25°C and a
pressure of 107° Torr. The values of binding
energies were calibrated against the Cls line
assumed to correspond to 285 eV.

2.2.4. Determination of catalytic activity
Catalytic experiments were carried out in a
stainless steel pulse microreactor connected with
the gas chromatograph through a four-way valve
enabling the products to be directed into one of
two columns. The first one, 4 m long with DMS
served for the separation of gaseous products
for analysis with a catharometer, the second
one, 2 m long with silica oil DC-550 on Chro-
mosorb G was used for the determination of
liquid products with a FID. After each pulse one
type of products could be analysed, each experi-
mental point required thus two pulses to be
passed through the reactor. In the case of exper-

supernatant
solution

suspension
of oxide

Fig. 2. The set-up for the determination of MoO, /MoO, powder
electrode potential.

iments with 3,3-dimethylbutene-1 the glass re-
actor was applied. The sample of the catalyst
was 0.5 g. Helium was used as the carrier gas at
a flow rate of 30 cm® min~!. In some cases it
was not possible to obtain a full carbon balance
due to the deposition of coke, but this did not
have any bearing upon the conclusions. The
yield was calculated as the ratio of the amount
of the given product formed (in moles) to the
amount of reagent introduced (in moles) ex-
pressed in %, after taking into account the
stoichiometric coefficients.

2.2.5. Determination of the potential of powder
MoO; / MoO, electrode

The bottom of the cell shown in Fig. 2 was
filled with 0.1 g of mixture of MoO, and MoO,
taken in different ratios, or with the catalysts in
different stages of the reduction, and covered
with 2 ml of water. The cell was quipped with
two platinum electrodes: Ptl immersed in the
aqueous phase about 1 cm above the bottom and
Pt2 inserted into the powder, and the standard
calomel electrode (SCE). The flow of argon was
passed for 1 h from the bottom of the cell to
obtain a good suspension of the powder in
water. It was then switched to the volume above
the solution and the potentials of the platinum
electrodes Ptl and Pt2 against SCE were
recorded for several hours.

3. Results
3.1. Reactions of butene-1

Fig. 3a shows the selectivities to different
products observed when successive pulses of
butene-1 in oxygen-free helium were passed
over the MoO, catalyst at 440°C. Thus, the
curves represent the changes of selectivity to a
given product versus degree of reduction x in
the formula MoO,_ . It may be seen that at the
beginning of the experiment, when pure MoO,
is present in the reactor, cis + trans butene-2
and butadiene are the main products, only small
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Fig. 4. Conversion of butene-1 and yields of products as a function of reduction degree of Bi** /MoO, catalyst.

amounts of maleic anhydride and CO, being
formed. As the degree of reduction increases,
the selectivities to butene-2 and butadiene de-
crease whereas those to maleic anhydride, CO
and CO, as well as total conversion rise. A
characteristic point is reached, in which the
yields of butene-2 and butadiene attain mini-
mum, whereas the yields of maleic anhydride
and CO + CO, — a maximum, and on further
reduction selectivities change in opposite direc-
tion, volcano-shaped symmetrical curves being
obtained. Similar results were obtained when
between the pulses of butene-1 hydrogen was
passed at 480°C to reduce MoO,, or when

pulses containing a mixture of butene-1 and
oxygen (in the ratio of 1:2) were injected in-
stead of pure butene-1. It may be thus con-
cluded that the change of reactivity pattern of
MoO, is independent of the type of reducing
agent used for its reduction or the presence of
oxygen.

If the main factor determining the selectivi-
ties to different products were the degree of
reduction of the surface prevailing when a given
pulse of reactants is injected one could expect
the variation of selectivities with the degree of
reduction described above to be reversible. In
order to check this conclusion, in the second

Fig. 3. (a) Conversion of butene-1 and yields of products as a function of reduction degree of the MoOj catalyst. (b) The experiment with
intermittent reoxidation of the catalyst with oxygen introduced between pulses of butene-1 shows that on going from MoO, to MoO; the
conversion and yields follow essentially the same pattern as on reduction. It is very difficult, however, to evaluate an extent of reoxidation
of the catalyst after each portion of oxygen (marked with arrows) injected, so here the conversion and yields have been plotted as a function
of successive number of the pulse of butene-1, rather than, as previously, versus reduction degree.
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part of the experiment illustrated in Fig. 3b the
reduced catalyst was intermittently reoxidized
with oxygen pulses introduced into the microre-
actor at the reaction temperature, each of them
being followed by a series of three pulses (0.6
cm?) of butene-1. In each series butene-2, buta-
diene and CO, were measured after the first and
third pulse, and MA after the second one. The
changes of the behaviour of the catalyst in the
course of reoxidation are in a sense a mirror
reflection of the changes observed upon reduc-
tion, with all the maxima and minima of yields
being also reached simultaneously.

Extensive studies of bismuth molybdate cata-
lysts led to the conclusion [10-12] that in the
process of selective oxidation bismuth cations
are responsible for the activation of the hydro-
carbon molecule, which in the case of olefins
consists in abstraction of the a-hydrogen atom
and formation of the allylic intermediate. The
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surface of pure MoO; contains a very limited
number of sites active in abstraction of hydro-
gen [13], this role being probably played by
lower valent Mo ions. Thus, a monolayer of
bismuth ions were deposited on MoO; and their
contribution as new active sites introduced on
the surface of the catalyst, to the reaction net-
work of butene-1 oxidation as function of the
degree of reduction of MoO,; was determined.
Results of an experiment, similar to that repre-
sented in Fig. 3a, in which successive pulses of
butene-1 in oxygen free helium were passed
over the Bi** /MoO, catalyst, are shown in Fig.
4. This figure represents only the first half of
the experiment in which the degree of reduction
x changed from O to 0.45. The second half,
from 0.5 to 1.0 is symmetrical and similar to
that shown in Fig. 3a. In line with the expecta-
tions the yield of butadiene (about 20%) at the
beginning was much higher than on pure MoO,

4
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Fig. 5. Conversion of propene and yields of products as a function of reduction degree of the Bi* /MoO, catalyst.
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due to the introduction of additional hydrogen
abstracting centres in form of Bi** ions, but the
pattern of the changes of selectivity to different
products as function of the degree of reduction
was similar to that observed in the case of pure
MoO,. The increase of the surface concentra-
tion of butadiene accelerated its consecutive
transformations into furan and maleic anhydride
and hence the rise of their yields was observed.
The amount of sites responsible for the total
oxidation remained essentially unchanged.

3.2. Reactions of propene

Fig. 5 illustrates the results of experiments in
which propene was introduced into the stream
of helium passing over the Bi**/MoO, cata-
lyst. Acrolein and CO + CO, were the only
products detected. Conversion amounting to

125

about 35% was considerably lower than in the
case of butene-1. The pattern of the changes of
the surface concentration of sites, controlling
the total oxidation, as function of the degree of
reduction, is similar to that observed in the case
of butene-1 and is reflected by the dramatic
increase of the yield of CO + CO, until the
degree of reduction of about 45% is attained
and then equally dramatic decrease of this yield
on further reduction to 100%, i.e. the transfor-
mation into MoQ,. It is noteworthy, that the
yield of acrolein increases with the reduction at
the beginning, when the degree of reduction is
very small and the yield of total oxidation prod-
ucts remains practically constant at the rather
low level, and then starts to decrease, when the
yield of the latter rapidly grows, and continues
to decrease to zero when the sample approaches
the total reduction.

18 .
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Fig. 6. Conversion of propene and yield of acrolein from allyl iodide as a function of reduction degree of the Bi** / MoO; catalyst.
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3.3. Reactions of allyl iodide

Allyl iodide readily decomposes into allyl
radical, the strength of the C-I bond in C;H;l
being 43.5 kcal/mol in comparison to 87.5
kcal /mol for the corresponding bond in propene
[13]. When passed through the reactor the first
step of the selective oxidation, consisting of
formation of the allyl species, is thus facilitated,
making possible the examination of active sites,
which are necessary for the insertion of nucleo-
philic oxygen into the activated hydrocarbon
molecule in the next step of the reaction [10].
Fig. 6 illustrates the conversion and yields of
acrolein and CO + CO, observed in an experi-
ment, in which the pulses of propene passed
over the Bi**/MoQ, catalyst as shown in Fig.
5, were at some intervals interchanged with
pulses of allyl iodide as marked by bold arrows.
The pattern of changes of the yield of acrolein
and CO + CO, from propene is similar to that
represented in Fig. 5, whereas the yield of
acrolein from allyl iodide is high already at the
initial unreduced sample, remains constant until
about 40% reduction is attained and then steadily
decreases.

3.4. Isomerization of 3,3-dimethylbutene-1
As seen from Fig. 3a pure MoQO, is mainly a
catalyst for isomerization of butene-1 to butene-

2, showing some activity in dehydrogenation
but practically no activity in oxidation. Isomer-

CHs CH3

HaC—CH'CH, —~CHj3

+

\
/

H,C=CH—CH, —CHj HaC— CH=CH—CHs

/
\

H
H,C==CH =CH, ZCH;

Scheme 1.

ization may proceed through the carbocation or
allylic mechanism (Scheme 1).

In order to find which of these two reaction
pathways is operating in the case of MoOj, its
activity in the isomerization of 3,3-dimethyl-
butene-1 (3,3-DMB-1) into 2,3-dimethylbutene-
2 (2,3-DMB-2) and 2,3-dimethylbutene-1 (2,3-
DMB-1) was determined. This reaction consists
in sigmatropic shift of the methyl group in the
carbocation (Scheme 2) and can proceed only
when Brgnsted acid sites are present at the
catalyst surface. The molecule does not contain
hydrogen atoms in the o position in respect to
the double bond and therefore cannot form al-
lylic species and isomerize along this reaction
pathway. It may be therefore used as the probe
reaction to measure the concentration of acid
sites. Fig. 7 shows the results of a series of
experiments, in which several pulses of 3,3-
DMB-1 were injected on a fresh sample of
MoO, catalyst and the yields of the products of
its isomerization were measured, then a pulse of
pyridine was introduced followed again by
pulses of 3,3-DMB-1 injected after different
time delays. It may be seen that pyridine which

Gh
H3C_ 'C::C - CH3
CHs

Cs “H7

| |
HoC=CH ~C = CHy=> H3C= CH*C —CHy—> HsC— CH~C*- CHy

CHy CHs

sigmatropic
shift CH; H\\
CH

3
|
H3C— |CH -C= CHZ
CHs

Scheme 2.
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is known to adsorb on Brgnsted acid sites dra-
matically decreases the conversion of 3,3-DMB-
1 into 2,3-DMB-2. When time delay between
the pulse of pyridine and the pulses of 3,3-
DMB-1 is prolonged, pyridine becomes des-
orbed from the sample by the stream of the He
carrier gas and the isomerization activity in-
creases back to its initial value. This indicates
that the isomerization of 3,3-DMB-1 proceeds
indeed through the formation of carbocation by
interaction with proton acid sites, and that the
catalytic activity of MoO, in isomerization is
due to the presence of these sites. In the next
series of experiments the isomerization of 3,3-
DMB-1 was measured on samples A, B and C
of the catalyst representing different stages of
its reduction. It should be remembered that it is
the conversion of 3,3-DMB-1 to 2,3-DMB-2
and 2,3-DMB-1 i.e. their yields which are the
measure of the isomerizing activity of the cata-
lyst and not the total conversion of 3,3-DMB-1
which includes its transformations along other
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Fig. 7. The poisoning effect of preadsorbed pyridine on the
conversion of 3,3-DMB-1 on MoOj;.

reaction pathways as, e.g. oligomerization,
cracking etc. These processes lead to the deposi-
tion of coke, which probably is the cause of the
decrease of the isomerization with the number
of pulses, visible in Fig. 8A and Fig. 8B. Com-
parison of the yields of 2,3-DMB-2, extrapo-
lated to the initial pulse, shown in Fig. 8A, Fig.
8B and Fig. 8C, clearly indicate that the amount
of acid sites or their strength diminishes on
reduction and that this effect may be responsible
for the decrease of the selectivity to products of
isomerization of butene-1 on reduction of MoO,
illustrated in the left part of Fig. 3a. Obviously,
this cannot explain the rise of the isomerization
in the right part of Fig. 3a because the surface
acidity of MoO, as indicated by the yield of
2,3-DMB-2 in Fig. 8C is very low. It must be
thus due to the onset of the second reaction
pathway through an allylic intermediate.

3.5. Isomerization of 2,3-DMB-2

In order to determine the ability of the sur-
face exposed in the course of the reduction of
MoO, to MoO, to generate allylic species the
isomerization of 2,3-DMB-2 to 2,3-DMB-1 was
used as the probe reaction. This process may
proceed either through the formation of the
carbocation or the allylic intermediate (Scheme
3).

As the 2,3-DMB-2 molecule contains 12 al-
lylic hydrogens the probability of the second
reaction pathways is very high and it can be
expected to be dominant. Fig. 9 shows a series
of experiments in which pulses of 2,3-DMB-2
were passed over the MoO, catalyst and the
yield of 2,3-DMB-1 was measured. Then a pulse
of pyridine was injected to poison the proton
acid sites and then pulses of 2,3-DMB-2 were
again introduced after different time delays. It
may be seen that indeed the yield of 2,3-DMB-1
is not influenced by addition of pyridine al-
though the acid sites are poisoned as indicated
by the dramatic decrease of conversion in other
acid type side reactions. It may be thus con-
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cluded that in the case of MoO, catalysts the straction of hydrogen and formation of an al-

isomerization of 2,3-DMB-2 proceeds mainly lylic species.
through the allylic pathway and may be used as The yields of 2,3-DMB-1 obtained as the
a probe reaction to detect the presence of sites result of isomerization of 2,3-DMB-2 on MoO,
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degrees in the flow of hydrogen before each
series of 2,3-DMB-2 pulses are illustrated in
Fig. 10. It may be seen that the steady-state
yield attained in each series is independent of
the degree of reduction what may be taken as an
indication that the activity of sites generating
the allyl species from a hydrocarbon molecules
does not change on reduction of the catalyst.
Apparently the increasing activity in isomeriza-
tion of butene-1 observed in the right part of the
experiment shown in Fig. 3a may be explained
by assuming that the allylic mechanism of iso-
merization is taking over the carbocation mech-
anism and on MoO,, which shows no surface
acidity, this process is proceeding via an allylic
intermediate.

yield of 2,3-DMB-1 [%]
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3.6. XRD analysis

The XRD analysis showed that the initial
catalyst (sample A) was pure MoO, and at the
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Fig. 10. Conversion of 2,3-DMB-2 as a probe of allylic activation on the MoO, catalyst.
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end of the reduction (sample C) only the XRD-
pattern of MoO, was visible, the mixture of the
two phases being observed in the middle of the
experiment (sample B) at the point correspond-
ing to the extreme on the selectivity curves. At
this point the XRD shows only the presence of a
mixture of MoO, and MoO,. The surface area
of the sample did not change significantly
throughout the experiment, being 2.59 m? g™,
3.1 m? g7! and 3.02 m? g~! for samples A, B
and C, respectively. It is noteworthy that neither
on reduction nor in the course of reoxidation
were any reflections observed of intermediate
oxide phases, in particular of Mo,O,, reported
in [14-17].

3.7. Photoelectron spectra

Photoelectron spectra of Mo3d electrons for
samples A, B and C are shown in Fig. 11A, Fig.
11B and Fig. 11C, respectively. The range of
binding energies of Mo3d electrons in the spec-
trum of the initial sample (Fig. 11A) shows the
presence of a doublet at 233.5 eV and 236.6 eV
characteristic for Mo®* ions in oxide matrices
[18—22]. The separation between the two com-
ponents of the doublet is 3.2 eV in very good
agreement with the values reported in the litera-
ture [18-22]. The range of binding energies of
oxygen photoelectrons shows a peak at 531.3
eV typical for lattice oxygen ions in transition
metal oxides. Three doublets appear in the Mo3d
range of the spectrum registered for the partially
reduced sample B, one having the maxima at
233.5 eV and 236.6 eV indicating the presence
of Mo%" ions, the second with the maxima at
231.7 and 234.8 eV, and the third showing
maxima at 230.1 and 233.2 eV. The same three
doublets are visible in the spectrum of the sam-
ple C after completing the catalytic experiment,
but the third doublet is now dominating. In the
spectral range of Ols photoelectrons a new peak
appears at 532.8 eV, its intensity increasing
with the progress of the reduction. It may be
assigned to OH™ groups. Some extra features
visible on the left side of the Mo3d and Ols
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Fig. 11. Photoelectron spectra of Mo3d electrons for (A) fresh
sample, (B) sample at reduction degree of ~ 0.5, and (C) fully
reduced sample.

peaks may be indicative of the differential
charging of the grains due to the limited con-
ductivity of MoO,.

For a series of simple compounds which are
build of similar coordination polyhedra of the
given cation and differ only in the valence state
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of the cation, i.e. in the way in which the
coordination polyhedra are linked together, it
may be assumed that a linear dependence exists
between the binding energy of the core elec-
trons and the valence state. This dependence
can be used for the assignment of the three
different doublets obtained on reduction of
MoO; [23,24]. Two points are fixed: the posi-
tion of Mo®" ions and the position of metallic
molybdenum. Analysis of such dependence
shows that the doublet at 231.7 and 234.8 eV
should be assigned to molybdenum ions of ap-
parent oxidation number +4, and the doublet at
230.1 and 233.2 eV to ions of apparent oxida-
tion number + 2. It should be borne in mind the
true charge on the metal ion, which determines
the electron binding energy measured by XPS,
is dependent on the entire balance between the
ionicity and the covalency of the oxide and the
existence of metal-metal bonds and is not equal
to the rather artificially constructed oxidation
number. After contacting MoO, with hydrogen
or the hydrocarbon oxygen vacancies are gener-
ated by removal of the lattice oxygen ions, an
rearrangement of the initially comner linked metal
oxygen octahedra into an arrangement of edge
linked octahedra takes place, resulting in the
formation of a shear plane. The two electrons
for each vacancy become localized at the bond-
ing orbital formed between two adjacent Mo®*
ions, which appear as Mo**. On further reduc-
tion, nucleation of MoO, lattice takes place. It
should be remembered at this point that struc-
tural analysis of the transition metal dioxides
MO, crystallizing in the rutile-type structure
has shown that two different metal-metal dis-
tances are observed in these lattices: successive
pairs of metal atoms in a string of edge-sharing
octahedra are brought alternately closer together
and further apart [25]. The distances between
adjacent metal atoms are so short that they
indicate the formation of multiple metal-metal
bonds between central atoms of edge-sharing
octahedra. The two Mo** form a double bond
and appear in XPS spectrum as having the
apparent oxidation number +2. Indeed, quan-

tum chemical calculations of clusters of MoOj,
WO, and ReOy octahedra, carried out by means
of SCF-Xa method showed to be consistent with
the results of XPS studies, indicating the forma-
tion of single and double metal-metal bonds
[26,27] and the shift of formal oxidation num-
ber. It is noteworthy that the appearance of
discrete Mo’ " ions in the course of reduction of
MoO, was ruled out because of the very low,
positive values of magnetic susceptibility ob-
served for all intermediate compounds [28]. The
presence of very small amounts of Mo>* ions
was detected by EPR spectroscopy in MoO,
reduced to a small degree [29,30]. It may be
thus concluded that our sample B contained
domains of MoO,; with the shear planes and
embedded crystallites of MoO,, whereas sample
C contains MoO, and the rest of the disordered
framework of shear structures.

3.8. IR spectra

Fig. 12 illustrates the IR spectra of the three
samples. The spectrum of sample A is typical
for MoO, with bands at 996 cm ™', 862 cm™!,
825 cm™! and 570 cm ™! corresponding to the
stretching vibrations of terminal Mo = O groups,
Mo-0O-Mo bridges between ribbons and Mo—
O-Mo bridges within the ribbons, respectively.
In the partially reduced sample B the matrix of
MoO; is retained, the reduction being reflected
in the increased background absorption well

reduced MoO3
(sample B)
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Fig. 12. IR spectra of fresh sample (MoO,), fully reduced sample
(Mo00O,), and sample at a reduction degree of ~ 0.5.
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visible in the range of higher wavenumbers. The
MoO; bands disappear completely from the
spectrum of sample C which becomes practi-
cally featureless in this spectral range.

4. Discussion

Mechanism of the reduction of MoO, in
different media (vacuum, hydrogen, CO, hydro-
carbons) has been extensively studied by differ-
ent methods. Ample experimental evidence
seems to indicate that depending on the condi-
tions of the reduction there are basically two
different pathways of the reaction:

(a) Reduction starts with the formation of
oxygen vacancies, which aggregate into discs
and by crystallographic shear form shear planes.
When the concentration of shear planes grows
they become ordered and form the Magnelli
phases, Mo,0O,, _,. At higher temperatures the
structure disintegrates into crystallites of
Mo,0,,, which then transforms into MoO, [31].

(b) Reduction starts with the formation of
oxygen vacancies at (010) plane by adsorption
of hydrogen on terminal oxygen atoms [32] and
desorption of water along the [101] series of
octahedra. This results in the formation of a
layer of MoO, structure. Reduction layer by

(070,

layer and collapse of the layers as described
below leads to the formation of MoO, [33,34].

The conditions, in which these mechanisms
were observed, are summarized in Table 1. The
data presented in Table 1 indicate that in mild
conditions nucleation of the domains of MoO,
within the lattice of MoO, takes place, which
expand with the advancing degree of the reduc-
tion.

A detailed study of the course of reduction
using XRD and HREM leads to the conclusion
that the MoO, — MoO, transformation is
topotactic [33,34]. In the two-layer sheets of
MoO, parallel to (010) crystal planes each layer
considered separately is built of MoO, octahe-
dra linked through their corners. Similarly, the
(100), (210), (41) and (201) planes of MoO, is
also composed of MoOg octahedra, connected
through corners [34]. When [010] axis of MoO,
is put collinearly to [101] axis of MoO; the
superposition of both planes is almost perfect,
and their respective symmetry is identical (Fig.
13). On the other hand many observations show
that the migration of hydrogen, hydroxyl groups
or even water molecules in MoO; occurs prefer-
entially along the pathway parallel to the [010]
direction and the experimental activation energy
of the MoO,/MoO, interface displacement in
the course of reduction is compatible with a

(207),

Fig. 13. The (010) crystal plane of MoO;, denoted as (010),, and the (201) plane of MoO, denoted as (201), (after [33D.
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Table 1
Summary of mechanisms of reduction of MoO; at different conditions
Technique Conditions Mechanism observed Ref.
HREM UHV MoO, — CS — MoO, [40]
Conv. beam ED H, MoO; — MoO, _ (OH), [36]
TG, XRD H2/H,0, 300-400°C MoO, — MoQ, vacuum pretreatment [14]
MoO; — Mo,0,, nitrogen pretreatment
HREM, XRD Dry H,, 450°C MoO, — topotactic —> MoO, [33]
RHEED, AES H,, 20-450°C MoO; — topotactic = MoO, [34]
HREM H,/He, 100-400°C MoO; — CS - MoO, [41,42]
XRD H, MoO,; - Mo,0,, = MoO, [15]
LEED, XPS, UPS, EELS UHV, 20-600°C, Ar* sputtering MoO; — CS — MoO, [18]
EMD UHV Mo0; — CS [43]
XRD Toluene + NH; + O, + N,, 450°C MoO; — MoO,, Mo,0, formed on reoxidation [16]
XRD, Gravimetry H,, 460-540°C MoO; = Mo,0,, —» MoO, [17]
XPS, LRS H,, N,, 350-730°C MoO; — CS — MoO, [44]
XRD, IR, XPS H,, propene, butene, 440°C MoO; - MoO, This work

migration energy of anionic vacancies along the
[010] direction [35]. A synchronous and differ-
entiated movement of oxygen atoms in MoOj,
layers may be now envisaged, consisting — as
shown in Fig. 14 — of slipping of the two
consecutive layers along 1,/2[001] direction in
MoO, followed by collapse along 1,/7[010] di-
rection, which results in the formation of a
structure in which all the oxygen atoms are
common to three octahedra as in MoO,. When
performed layer by layer — it will transform the
initial MoO; structure into MoO, lattice. It
should be noticed that the removal of all the
oxygens bordering the (010) layers and con-
nected to a single Mo atom results in the MoO,
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Fig. 14. Slipping of two adjacent MoO; layers along 1,/2[001]
direction followed by collapse along 1,/7[010] viewed along (a)
[001] direction and (b) [100] direction (after [33]).

composition. The water molecules or hydroxyl
groups formed diffuse easily in the structural
holes of MoO, along [100] direction. It may be
mentioned that Bursill et al. [36] consider the
MoO; crystal to be built of MoO, layers and
oxygen according to the sequence:

Mo0,-0,-M00,-M00,-0,-MoO,

It should, however, be borne in mind that our
earlier studies of the reduction of MoO, by
hydrogen and propene, carried out by "in situ"
EPR [37], as well as recent results of the mea-
surements of Raman spectra after B0 exchange
with MoO, during the oxidation of butene [38]
clearly indicate that the process of reduction of
the MoQO; layer proceeds through the removal
of oxygen atoms from Mo-O-Mo bridges link-
ing the ribbons of MoO, octahedra in the [100]
direction.

The observation that the IR spectrum of our
MoQO, catalyst after about 45% reduction is
almost identical to that of the initial sample
except for the increase of the background ab-
sorption is in line with the mechanism shown in
Fig. 14. Also the results of XPS studies indicate
that the reduction proceeds through a continu-
ous change of the valence state of Mo ions from
Mo®* to Mo**.

The change of valency of Mo ions and the
structural changes occurring in the course of the
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reduction have a profound influence on the
surface properties of the catalyst. They are sum-
marized in Fig. 15. The results of the measure-
ments of the changes of activity in isomeriza-
tion of 3,3-dimethylbutene-1 as function of the
degree of reduction, which can be considered as
the measure of the surface concentration and
strength of acid sites, show that the surface
acidity decreases continuously to disappear after
the transformation into MoO,. On the contrary,
the surface concentration of sites abstracting
hydrogen atoms, as indicated by the activity in
isomerization of 2,3-dimethylbutene-1, remains
practically unchanged. The ability of the surface
to perform the addition of nucleophilic oxygen,
measured by the transformation of allyl radicals
into acrolein, which is characteristic for MoO,
surface remains at first constant, but then, on
shrinking of the domains of MoO, and growth
of those of MoO, decreases. The only property,
which passes through an extreme, is the ability
to generate the electrophilic oxygen. At first it
considerably grows with the increasing degree
of reduction, passes through a maximum when
the degree of reduction of about 45-50% has
been attained and then decreases almost to zero
when the reduction is completed. It must be
emphasized that the reactions of butene were
studied in the absence of the gas phase oxygen.
Because the electrophilic attack on the butene
molecule, resulting in its total oxidation to CO

GENERATION
OF ELECTROPHILIC
OXYGEN

ACID SITES

PHILIC

TR
INSERTION ABSTRACTION

OF HYDROGEN
pa

DEGREE OF REDUCTION
Ma03 Mo0,

Fig. 15. Schematic representation of MoO, catalytic functions
changed upon the reduction of the catalyst.
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Fig. 16. Equilibrium between the lattice and the gas-phase oxygen.

and CO, competes with the parallel reaction of
butene isomerization (see Fig. 3a), the pattern of
the changes of isomerization with the degree of
reduction is inverse to that of the total oxidation
to CO + CO,. A question may be raised as to
which is the reason of the increasing activity of
the surface lattice oxygen of MoO; in the course
of its reduction, although the reverse behaviour
could be expected: MoO; is a much stronger
oxidant than MoQO,.

MoO; is a non-stoichiometric oxide, whose
lattice components are in equilibrium with the
gas phase. Its intrinsic defect structure consists
of oxygen vacancies:

1
05— Vo + 50,
Vo= Vg +e”

V& - Vet +e

At each temperature and oxygen pressure an
equilibrium is established between oxygen atoms
in the lattice and oxygen molecules in the gas
phase. Because it is a dynamic equilibrium, a
continuous process of evolution of oxygen from
the surface and its reabsorption by the surface
must take place, as shown in Fig. 16, the sur-
face being always populated by transient oxy-
gen species O~ (surf), O, (surf) and O,(surf),
which are strongly electrophilic species and are
responsible for the total oxidation of hydrocar-
bon molecules. The surface coverage of MoO,
by these species depends on temperature, pres-
sure of oxygen in the gas phase and chemical
potential of oxygen in the lattice, i.e. on the
position of the Fermi level in the solid. When
MoO; becomes exposed to the reducing agent,
isolated oxygen vacancies are at first formed
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and the electrons released in this process be-
come localized on Mo®* ions reducing them to
the corresponding number of Mo** ions. These
ions are situated at the surface and play the role
of catalytic sites, activating the hydrocarbon
molecules by abstraction of hydrogen. This is
clearly visible in the case of the oxidation of
propene, presented in Fig. 5. At the beginning
of the experiment, when the degree of reduction
is very small, its increase causes a considerable
increase of the oxidation of propene to acrolein.
As the rate determining step is the activation of
propene, it can be concluded that surface reduc-
tion generated new active sites accelerating this
step. It is noteworthy that in this range the total
oxidation of propene to CO + CO, is practi-
cally constant. When a certain degree of reduc-
tion has been attained, rapid increase of the total
oxidation is observed. It can be assumed that
the onset of this increase of total oxidation is
related to the nucleation of the domains of
MoO, in the matrix of MoO,. When such do-
mains appear, the interface is formed between
MoO, and MoO, regions of the crystallites and
a contact potential must appear at this interface.
The value of work function of MoO, is smaller
than that of MoO, and consequently an electron
transfer will take place from MoO, to MoO,,
charging negatively the surface of MoO,, as
shown in Fig. 17. Due to bending of energy
bands at the interface, the conductivity band
will shift at the surface of MoO, below the
Fermi level so that the low-lying levels in this
band will be occupied by electrons. The in-
creased negative charge would lower the bind-
ing energy of oxide ions at the surface of MoOj,
which would result in the increase of the popu-
lation of the surface with transient electrophilic
oxygen species and hence in acceleration of the
total oxidation. This process will continue with
the expansion of the MoO,/MoO, interface
until a maximum is attained and then should
decrease when MoO; is more and more con-
sumed.

If such a mechanism is indeed operating, the
effect should be also produced by mechanical

MoO; . - MoO,
X ?
AR
[HUTHIAL Er
E

Fig. 17. Because of difference in work function, a contact poten-
tial appears at the MoO; /MoQ, interface, and an electron trans-
fer from MoO, to MoO; charges negatively the surface of the
latter.

mixing of the two oxides and should depend on
the grain size and on the degree of intergranular
contacts. In order to check this conclusion, me-
chanical mixtures of MoO,; and MoO, were
prepared after different pretreatment in order to
change the grain size. The results shown in Fig.
18 clearly demonstrate that the activity in total
oxidation of butene by lattice oxygen of MoO,
dramatically depends on the way this oxide is
mixed with MoO,. It is noteworthy that the
activity of the mechanical mixture containing
50% MoO; and 50% MoO, in total oxidation
of butene was comparable to that observed after
attaining the degree of about 50% reduction of
MoO, in the experiment in which it has been
reduced "in situ" by pulses of butene (Fig. 19).
When, however, this mechanical mixture was
then exposed to reducing pulses of butene, the
activity in total oxidation increased further and
attained a maximum at the degree of reduction,
corresponding to about 80% of MoO,. At that
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Fig. 18. Formation of CO, from butene-1 on mechanical mixture
of MoO; and MoO,.

point the activity of the reduced mechanical
mixture in total oxidation was much higher than

the activity of the catalyst obtained by reduction

of MoO; to the same level of 80%. This result
strongly supports the proposed model. Namely,
the reduction of the 50% MoO,/50%MoO,
mechanical mixture generates new interfaces
within the grains of MoO, and hence increases
the total number of transient oxygen species,
active in total oxidation.

In order to further confirm this mechanism,
measurements of the potential of MoO,;/Mo0O,
powder electrodes were carried out. When equi-
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Fig. 19. Formation of CO, from butene-1 as a function of
reduction degree of MoO; and the mechanical mixture of
Mo0O; /MoO,.
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Fig. 20. Potential of the powder MoO; /MoO, electrodes as a
function of MoO, content in the mixture. Solid line represents the
potential measured in the powder; dashed line, in the solution.
Circles refer to mechanical mixtures of MoO; and MoO,, squares
refer to samples of the catalyst at the corresponding stage of
reduction.

librium has been established the potential mea-
sured by the electrode Pt2 inserted in the pow-
der should be equal to

E,,, = Ex(SCE) — E(M00O;/Mo0,)

and it should be thus indicative of the position
of Fermi level in the powder mixture. The
reduced MoO, must contain a very high con-
centration of surface states. The capture of
charge on these surface states may cause the
surface Fermi level to shift toward the surface
states energy so that the Fermi level becomes
controlled entirely by the surface states indepen-
dently of its position in the bulk [39]. Thus, one
could expect that the potential of the powder
electrode will continuously decrease with the
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expanding MoO,/MoO, interfaces from the
value characteristic to MoO; to the value ob-
served for MoQ,. Results presented in Fig. 20
seem to confirm this conclusion. It is notewor-
thy that the potentials measured for preparations
obtained by "in situ" reduction of MoO; with
butene-1 are similar to those measured for the
mechanical mixtures of MoO, and MoO, of the
corresponding compositions indicating similar
electronic structures of the surface which appar-
ently determines their catalytic properties.
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