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Abstract

The unit cells ofa-Bi;M030;,, 3-Bi,M0,0y, andy(H)-Bi,MoOs are visualized by the crystal structure application. These oxides have
twin Mo tetrahedra structures. The visualization clarified that Mo ions of twin Mo tetrahedra and some Bi ions with these Bi—-Mo oxides lie
on the same plane. It is proposed that the active sites for selective oxidation is linked with these structures exposed on the surface.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction and the nature of active sites, i.e., the configuration of Mo,
Bi, and O in the lattice, are proposed and discussed.

It has been well known that-BioMo03012 andp-BioMo2
Og catalysts exhibited 95% of selectivity for partial oxidation
of propene to acrolein (e.g1]). It was reported that pure 2. Methods
v(L)-Bi2Mo0Qsg, i.e., pure koechlinite, has no selectivity for
partial oxidation but the mixtures gfL)-Bi2M0oOg+MoO3 Noguchi has developed an application Dispcrystal using
or y(L)-Bi2MoOg + a-BizMo301 exhibited high selectiv-  space group method. Lattice constantsaeBioMo3z0;2,
ity [2]. Buttrey et al. reported that a connection between the g-Bi,Mo,0g, and y(H)-Bi,MoOg and the values ok, v,
fluorite structure and bismuth molybdates has been estab-and z coordinates of all ions are given in Cifda4,6,9].
lished in selective oxidation catalyq3] and that the actual ~ These give the visualization of Mo, Bi, and O ions on the
structure of they phase surface present during catalysis display. If we omit the values o%, y, and z coordinates
should be re-examined by the structural refinemeni(bj of oxygen ions, we can get the arrangement of unit cell
andvy(H) phased44]. Anderson et al. reported in a quantum of Mo and Bi ions without oxygen. The Dispcrystal also
chemical study that the BVlo3O20'2~ cluster model chosen indicates the values of distances of Mo—O, O-0O, Bi-O, and
for the catalysis mechanism study has all the cations nearlyof Mo—O—Bi angles in any case. By a rotation of unit cell

in a plane and is bulk superimposalj§. «-BioM0301> on the display, we can get whether the arrangements of Mo
catalyst has three Mo tetrahedig o2, andag [6]. We have  and Bi ions lie on a plane or not. The exchange of oxygen
previously reported that the oxide ions afBi;Mo301> with 180 using the reaction of olefins witf0, were stud-

were exchanged with8O via oxidation of olefins using ied previously[7,8]. The results of oxygen activity with
180, and that the oxide ions which are responsible for various olefins were also shown below.

oxidation reactions were determined by Raman spectrum

analysis[7,8]. In this work, the unit cell ofx-BioM03012,

B-BioM020g, and y(H)-BioMoOg are visualized by the 3 Results and discussion

application such as Dispcrystal, which are made by one of

the authors (Noguchi). The active sites for partial oxidation 3.1, \isualization of «-Bi,MozO12

* Corresponding author. The unit cell ofa-Bi,M03012 crystal was visualized by
E-mail address: takeono@gipwc.shinshu-u.ac.jp (T. Ono). Dispcrystal application as described 8ection 2 Fig. 1
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Fig. 1. Visualization ofajay twin tetrahedra (in the middle of figure)
in a-BioMo030;2 crystal structure without oxygen. Small spheres denote
Mo; ions. Large spheres denote;Bind Bp ions. Other M@ and Mg

ions, oxygen ions, and axes are omitted here. Numerals are the position

numbers of Mo and Bi reported by van den Elzen and R&k

expresses three unit cells in which Mimns of a; tetrahe-
dron and all Bi ions contain, while Mo Moz and oxygen
ions are omitted. The Motetrahedron ¢1) with oxygen
ions is shown inFig. 2g which should be located at all
Mo1 positions inFig. 1. Oxygen ions in Mg tetrahedron

Fig. 3. Visualization ofapag twin tetrahedra and Bi ions without oxygen
in a-Bi;Mo03012 crystal structure. Small spheres denote,Mmd Mg

ions and large spheres denotg Bihd Bp ions. Mg, and all oxygen ions

are omitted. Numerals are the position numbers of Mo and Bi as reported

by van den Elzen and Rief6]. a, b, and ¢ denote axes.

gives apa; and axaz twin tetrahedra structures and their
Mo ions are lying in a plane with some Bi ions. The hydro-
gen abstraction and oxygen insertion to allyl species seem

were humbered as 2, 4, 5, and 10 as reported by van derto take place via oxygen of Mo tetrahedra.

Elzen and RieK6]. The w-allyl species seem to be able to
coordinate M@ ions at the space between-€D;g Sincea;

is extremely distorted like that. Theyag twin tetrahedra is
also shown inFig. 2h This twin should exist at MgVio;
position in the middle ofig. 1L Furthermore, four Bi ions
and two Mq ions of aja; tetrahedra lie on the same plane
as shown irFig. 1 This was also confirmed that both angles
of Mo1—O,—Bi and Mg—-0O10-Bi are calculated as 130
The aya1 has good symmetry as shownhing. 2b Similar
characterization was also done withas twin Mo tetrahe-
dra, which are shown ifrig. 3. Two sets of Mg and Mg
ions of apaz also lie on the same plane with four Bi ions.
The numbers of Bi ions adjacent to twin Mo tetrahedra are
2, which are less than 4 iaja1. Anyway, a-BioM03012

(a) (b)

Fig. 2. Visualization of (a)y; tetrahedron and (bjjcs twin tetrahedra
in a-Bi,M0303> crystal structure. Small spheres denote Mo ions and

3.2. Oxygen reacted using 180 tracer over a-BioM03O12
catalyst

Table 1shows the tendency of the activity for oxygen re-
placement reported previous|y,8]. These were obtained
from olefin oxidations using®0,. a-BioM03012 exhibited
six Raman bands at 960, 930, 905, 856, 845, and 82G.cm
These bands are correlated to Mo—O bond lengths empiri-
cally by Wachs and coworkef$0,11] Band shape analysis
of the Raman spectra were carried out and the extents of
exchange were obtaind].

As shown inTable 1 the Mo-O species af; anda; as-
sociated with 865 and 845 cth were shifted preferentially
for propene oxidation, while the Mo—Os a§ were less ex-
changed. Reoxidation in the case of propene oxidation seems
to take place preferentially at the vacancies ofiMOs (1)
and Ma—0Og (a2) and those seem to be also responsible for
partial oxidation. Low activity of Mg-012, M01—04, and
Mo,—0O; seems to be attributed to their stronger bonds, i.e.,
they are shorter bond lengths such as 1.68, 1.69, and 1.72 A,
respectively[6]. Low activity of Mo—Os ofaz seems to be
lack of Bi ions compared teia1 [8]. Similar results ob-
tained withtrans-but-2-ene at initial and low conversions as
shown inTable 1 This seems to link with similar activity of
allylic hydrogen to that of propene. However, the differences
among oxygen species become smaller with an increase in

large spheres denote oxygen ions. Numerals are oxygen position number€€Xchange. With but-1-ene, any oxygen ions were well ex-

reported by van den Elzen and Rif.

changed and little difference was observed amamfgxs,
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Table 1
Tendency of active oxygen species revealed!B® exchange by the oxidations of properimns-but-2-ene, and but-1-ene usif§O, tracer over
a-BiMo0301, catalyst reported previously,8]

Bond species Mg-O12 Mo01—-0Oy Moo—-0Oy Mo1-0Os Moo—Og Mo3-011
« tetrahedra exchange activity a3 a1 o g o o3
Propene - + + ++ ++ +
trans-But-2-ene —— + = ++ + ++ ++ + = ++
But-1-ene e ++ - ++ ++ ++

(—-) less or not determined:H) low exchange;-¢+) high exchange;d) Mo tetrahedron species. Numerals of Mo and O are position numbers reported by
van den Elzen and Rigf6]. Exchanges becomeé — ++ from low to high exchange conversions in the oxidative dehydrogenatitmams-but-2-enef8].

suggesting that the dehydrogenation reaction of but-1-enelie on the same plane. This corresponds to (101) plane of
takes place at any oxygen ions. This should originate from B-BiMo02,0g by adding oxygen ions. In the case of twin
higher activity of allylic hydrogen of but-1-ene by one order B2B3, Mo, and Mg ions did not lie on the same plane
compared to propene arichns-but-2-ene. with Bi1 and Bp ions although the figure is not shown.4Bi
According to Grasselli et aJ12—16] initial hydrogen ab- ions also did not lie on the same plane with Mo ions. The
straction in the oxidation of §Hg involves oxygen ions as-  situation of twin1B4 is the same as that ofia; tetrahedra
sociated with Bi cations and the second hydrogen abstractionof a-BioMo03012. It is well known thaf3-BioMo,0Og catalyst
is facilitated by the presence of Mo oxygen polyhedra. A has high selectivity for the partial oxidation of propene and
rapid equilibration betwees- andw-allyl intermediates was  butend1]. The sites consisted of twiy 34 and Bi ions on a
also confirmed previously8,12—-16] With o phase, how- plane seem to be responsible for partial oxidation of olefins
ever, oxygen ions contact to both Bi and Mo cations. The though it is necessary that the plane exposes on the catalyst
selective oxidation of olefins should take place at the sites surface.
whereaja1 andasasz are existed as twin tetrahedra struc-
tures and these Mo ions are lying with some Bi ions in & 3.4, \isualization of y(H)-Bi»M0Og structure
plane.
With y(H)-Bi,MoOg catalyst, the crystal structure without
3.3. Msualization of B-BioM0,0g structure oxygen is shown irFig. 5. As reported by Buttrey et a4],
it hasvyi, y2, v3, andys Mo tetrahedra. They exist agvs,
B-BizM020g crystal ha31, B2, B3, andBs Mo tetrahedra  ~,v,4, andyyys, i.e., twin tetrahedra structuresig. 5shows
and four kinds of Bi cation$4,9]. Fig. 4 shows four sets of  that twinvy,ys are present in the middle of unit cell and that

twin 31B4 tetrahedra and four Bions without oxygenions.  they are surrounded by six Bi ions. Furthermore, these Mo
Small spheres denote Mo ions and large spheres denote Bi

ions. It is interesting that Mpand Maq, ions and B ions

Fig. 4. Visualization of M@ and Mg, ions of twin 3184 and Bg ions in Fig. 5. Visualization ofy(H)-Bi,MoOg crystal structure without oxygen
B-BioM020g crystal structure without oxygen ions. Small spheres denote ions (it is shown that two twin Mg and Mg ions and six Bi ions are
Mo ions and large spheres denote Bi ions.JMdoBi1 > 4, and all oxygen lying in a plane). Small spheres denote Mo ions and large spheres denote

ions are omitted. Numerals are the position humbers of Mo and Bi as Bi ions. Numerals are the position numbers of Mo and Bi as reported by
reported by Buttrey et a[4]. a, b, and ¢ denote axes. Buttrey et al.[4]. a, b, and ¢ denote axes.
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and Bi ions lie on the same plane as in the cas@fs tive oxidation using Raman spectra a® tracer. The lying
tetrahedra irFig. 4 Mo ions of y4y4 andy1ya did not lie of Bi and Mo ions in the same plane seem to be suitable and
on the plane with Bi ions though the figures are not shown. jmportant for redox features of Mo and Bi ions, i.e., some
Only twin y2y3 are the same as those @fB4 for  phase  electrons transfer between them during the reaction. More

andaja for a phase as described above. studies will be needed f@-Bi>M0,09 andy(H)-BioMoOsg
Matsuura et al. have reported that pu@)-Bi>MoOg, in future.

i.e., pure koechlinite, has no selectivity for partial oxida-

tion [2]. Buttrey et al. have reported that actual structure

of the v phase surface present during catalysis should be References
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