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Abstract

The oxide oxygen ions of V,0Oy catalyst were exchanged with 80 tracer by a reduction—oxidation method and by a
catalytic oxidation of n-butane using *°0,. The Raman band shifts of the V,05 exchanged with *®0 by the methods were
examined. The band at 700 cm~* was shifted to lower frequencies more preferentially than the band of V=0 oxygen at 998
cm~ L. Applying the correlation between the Raman bands and stretching modes as described in the literature, the positions
of oxide ions and anion vacancies for reduction and reoxidation were estimated. The anion vacancies corresponding to the
V-0 species in the V sguare with 1.88 and 2.02 A distances seem to be active sites for oxygen insertion. The similar
conclusions were obtained for Mo containing V,Og catalyst.
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1. Introduction

Previously, we have investigated the Raman
band shifts of Bi—Mo oxides [1,2], 8-CoMoO,
2], a- MnMoO [2], and M0O; [3] by the ex-
change *®O tracer through OX|dat|on reactions.
With MoO; [3] and a-Bi,M0,0,, [2] catalysts,
it was informed that the oxygen insertion seems
to take place selectively at the oxygen vacancies
corresponding to the Mo—O—Mo oxygen ions
rather than Mo=0 oxygen. On the other hand,
with a-MnMoO, [2] catalyst, it was elucidated
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that the oxygen vacancies corresponding to the
shortest Mo=0 are responsible for reoxidation
at initial stages. With B-CoMoO, catalyst [2],
the different features were observed. In the oxi-
dation reactions on V,O; catalysts, it has been
established that the redox mechanism takes place
on the catalysts [4-8]. Some workers have pro-
posed that the V=0 oxygen is responsible for
oxidation reactions over V,0O, catalysts [9,10]
while it has been recently reported that the
V-0O-V oxygen is responsible for them over
V,05/Al,0, catalyst [11]. Using *°O tracer, the
oxygen species on V,0; responsible for oxida-
tion was also studied in the past [12-14].

In this work, the oxide ions of V,05 and Mo
containing V,0g catalyst were exchanged with
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80 tracer via n-butane oxidation. The Raman
spectra of partly exchanged V, O with O were
measured and the preferential shifts of the bands
were compared. The correlation between the
Raman bands and the stretching norma modes
reported previousy on V,O [15,16] was ap-
plied to the estimation of oxygen species and
anion vacancies. Then, the nature of redox sites
on V,0; and Mo containing V,0; were dis-
cussed.

2. Experimental

2.1. Preparation of catalysts

The V,05 and Mo containing V,0g catalysts
supported on SO, (10 wt%) was prepared as
follows. the desired amounts of ammonium
metavanadate were mixed with SIO, in the NH,
solution. After evaporation on a water bath, it
was heated at 723 K for 6 h. The desired
amount of ammonium metavanadate and ammo-
nium heptamolybdate were mixed with SIO, in
the NH ; solution. The 5, 10, and 15 at% of Mo
in the V,Og catalysts were prepared. After evap-
oration, they were also heated at 723 K for 6 h.

2.2. Procedures for O exchange

The exchange of the lattice oxygen of the
catalysts with **O were performed by two meth-
ods. The first method, a reduction—oxidation
method, is as follows:. the reduction of catalysts
by n-butane was carried out in a circulation
system (ca. 360 cm®) at ca. 4 kPa and 700-750
K and the reoxidation by *°0, (98.1 at%, |sotec)
was carried out at the same temperature. The
second method for exchange is as follows:. the
mixture of n-butane at ca. 4 kPaand *°0, at ca.
1 kPa was reacted on V,0. /SO, catalysts. The
reaction products were butenes, buta-1,3-diene,
CO, and CO,, whose 0O percents were deter-
mined using a mass spectrometer (Shimadzu
GCMS QP2000A). The amounts of *®0O ex-

changed in the V,0O, catalyst were assumed as
those of *°0 in the products.

The structure of catalysts was determined by
an X-ray diffraction method using CuK « radia-
tion. The laser Raman spectra of the catalyst
samples exchanged with **0 were recorded on a
JASCO NR-1000 laser Raman spectrometer. An
Ar-ion laser was tuned to 514.5 nm for excita-
tion. The laser power was set at 150—200 mW.
The data were stored on a computer and the
peak-shape analysis was carried out using the
technique reported by Miyata et a. [17,18].

3. Results and discussion

3.1. Structure of V, O, Raman spectra of V, O,
and assignments to the normal vibrations

The structure of V,0; was investigated by
some workers in the past [19,20]. It is described
as a layer structure which is built up by VOq
distorted octahedra as shown in Fig. 1. These
octahedra are linked by edge-sharing and cor-
ner-sharing. Fig. 2a shows the Raman spectra of
V,0O.. The bands at 998, 703, 530, 485, 410,
304, and 293 cm~* are found.

Abello et a. [15] have reported the Raman
and IR spectra of V,0O; crystal on the basis of
normal co-ordination analysis using (V,0O,),,

a O:O o

Fig. 1. Structure of V,0s [19,20]. The related V-O distances are
as follows: V-0O,: 1.58 A, V-Og: 1.77 A, V-O: 1.88 A. The
0O, corresponds to oxygen of OV, Og to OV,, and O to OV; in
the Besttie's model [16].
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Table 1
Normal stretching modes of V,0g crystal and Raman spectra assigned by Abello et al. [15] and Beattie et al. [16]
Abello's (V,05),, model Beattie's model Related V-O Raman bands
(mode, band (cm™1)) (mode, band (cm™1)) distance (A) in this work
Ag (V-0,) 994 ag. by, (OV) 996 158 A 998
Ay (V-0g-V) 526 ay (OV;) 530 1.77(2) 2 530
By (V-O¢) 700 bag. bgy (OV3) 703 1.88(2) 703

2.02

® In the case of Abello’s model. The numerals in ( ) denote the number of bonds.

(V,0),, and specia V,0, models. As shown in
Fig. 1 and Table 1, the V,O4 unit consisted of
two O (or Og), two O,, one Og and two V
ions. According to this model, the band at 998
cm~* corresponds to the V—O, vibration at 1.58
A, i.e, termina oxygen. The band at 700 cm*
corresponds to the V—-O. vibration a 1.88 A.
The band at 530 cm™* corresponds to V—-Og—V
vibration where the dominant displacement takes
place on V atoms. Beattie and Gilson [16] stud-
ied the vibrational spectra of V,Og applying
group frequency assignments. According to their
work, the bands at 994 cm™! corresponds to
OV, that at 703 cm~* to OV, (high), that at 530
cm™! to the OV, (low) vibrations, respectively.
The assignments of the 998 and 703 cm™!
bands are classified to the similar stretching
vibrations between the Abello’s and Besttie's
models. But those at 530 cm ™! are different.

( 290

Intensity/arb.unit

290

1100 1000 900 800 700 600 500 400 300 200
Wavenumber/cin-1

Fig. 2. (&) Origina Raman spectra of V,05; /SiO, (10 wt% of

V,05), (b) spectra of V,05 /SIO, exchanged with O, at 873 K
for more than 24 h.

3.2. The determination of Raman band shifts of
V, 0, exchanged with **0

The oxygen ions of V,05 were exchanged
sufficiently using *?0, at 873 K for more than
24 h in order to get the final position of the
bands of V,0O;. Fig. 2 aso shows the Raman
spectra of V,0O; unexchanged and exchanged
with 0. The bands at 998 and 703 cm~* shift
to 964 and 685 cm ™, respectively. The band at
530 cm~ ! shifts to 523 cm ™!, whose interval is
very small. The other bands below 480 cm™*!
show little or no shift, which belong to the
bending vibrations.

Table 2 shows the shift intervals in the case
of theoretical calculation for V—"20 stretching
vibrations. The shift interval of the 998 cm™!
band is 34 cm™!, which is ca 80% of the
calculated one. It may be applicable to diatomic
vibration. With the 700 cm~* band, the experi-
mental interval (18 cm™?) is smaller than the
calculated one (30 cm™?). This should cause to
the deviation from the V—-O. diatomic stretch-
ing model. A very small shift with the 530
cm~* band will cause to the fact that the domi-

Table 2
Raman band shift of V,0, catalyst exchanged with *0 and
calculated values @ by diatomic approximation

Observed spectra(cm™) Calculated
original after exchange  difference ?;:][elr?nce
998 964 ) =
703 685 —18 —30
530 523 _7 _23

@ Calculated from (original band cm™! X (u(V, 0/ m(V,
80))1/2, where u is reduced mass.
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Table 3
n-Butane conversion, product selectivity, and average 0 ex-
change percentage over V,0O5 /SiO, catalyst

Temp. Conv. Sdlectivity (%) Average
K () exchange
C,Hs+C,Hg CO+CO
4Hg 4Mg 2 (180% in Vzos)
7102 036 65 35 4
7312 073 73 27 6
7482 1.3 80 20 10
7882 15 88 12 17
717° 073 14 86 8
(27,19 ¢
728° 22 13 87 27
(34,27) ¢

& The catalyst was reduced by n-butane at ca. 3 kPa and reoxi-
dized by 18O2 a ca. 1 kPaover 0.05 g of catalyst for 5 min.

® The catalyst oxygen was exchanged by the catalytic oxidation at
ca 3 kPa of n-butane and ca 1 kPa of 0, over 0.05 g of
catalysts for 5 min.

¢ The numerals in ( ) denote the *®0% in CO and CO,, respec-
tively. The 0% in H,O were estimated from those in CO and
CO,.

nant vibrating atom is the vanadium cation,
which is suggested by Abello’s model [16].

3.3. Raman band shifts of V,O, catalyst ex-
changed with *0O by a reduction—oxidation
method

0.05 g of V,0,/Si0, (10 wt%) was reduced
with n-butane at 710—750 K. After evacuation,
it was reoxidized with *°0, at the same temper-
ature. The product selectivities in the reduction
by n-butane were shown in the Table 3. The
selectivity to butenes + buta-1,3-diene ranges
ca. 65 to 80%. The average exchange °0% are
aso listed in Table 3, which were calculated

Table 4
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Fig. 3. Raman spectra of V,05;/SiO, (10 wt% of V,05) ex-
changed with 80 tracer usi ng a reduction—oxidation method. (a)
No change, (b) 4% of **0 exchanged (c) 6%, (d) 10%, (€) 17%.
Those by using a catalytic oxidation (f) 8% and (g) 27%. See also
Table 3.

Wavenumber/cm-1

from the amounts of *°0 in the products, assum-
ing that the reoxidation of V,O takes place
completely. Fig. 3 shows the spectra of V,Og
before and after they were exchanged with *°O.
At low exchange %, the band at 700 cm™!
shifts to low frequencies and shows line broad-
ening. At high exchange %, the new band at
964 cm~! appears, which is shifted from 998
cm~*. The 700 cm~* band shifts to 685 cm™*
finally.

In order to know the shift change in details,
the peak shape anaysis was attempted with
these spectra using Gaussian function [17,18]
(Fig. 4). The broad band at ca. 700 cm™* was
separated to 703 and 685 cm ™! bands since the
latter band was determined experimentally.
Table 4 shows the shifted fractions for the 998

Fractions obtained from band-shape analysis for the 703 and 998 cm ™! bands for V,05 catalyst

Reaction temp. (K) Average exchanged (% in V,05)

Exchange % at 703 cm~*
legs/ (1703 + legs)

Exchange % at 998 cm~*
logs/(logg + lggs)

710 @ 4 27 9
7312 6 27 16
748 2 10 46 20
788 2 17 56 29
717 ° 8 22 11
728 ° 27 40 18
3 and® express the same meanings as in Table 3.
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Fig. 4. The peak shape analysis of (a) spectra of Fig. 3b, and (b)
those of Fig. 3d.

cm~! and 703 bands. With the 4% sample, the
fractions of 998 and 700 cm™! bands are 9%
and 27%, respectively. The latter is ca. 3 times
higher than the former. With the higher percent
samples, the fractions of the 700 cm™~?! band are
always higher than those of the 998 cm~* band.
These results suggest that oxygen insertion from
gas phase takes placg at the vacancies corre-
sponding to the 1.88 A position (O.) in the V
square rather than at the 1.58 A position (O, ) in
the oxygen layer.

The exchange fractions with 998 and 700
cm~! bands are extremely higher than the aver-
age exchange % (Table 4). This suggests that
the information of Raman spectra comes from
the near surface of V,O; crystal and that the
surface oxygens are well reacted and ex-
changed. Similar results were obtained for MoO,
[3] and Bi—-Mo oxide [2] catalysts.

3.4. Raman band shifts of V,0, catalyst ex-
changed with * O by a catalytlc oxidation using
n-butane and * O

The catalyst oxygen ions were exchanged
with 20 via catalytic oxidation using n-butane
and **0, over the V,0O; (15 wt%) /SiO, cata-
lyst. The conversion, product selectivity, and

average ®0% in the products are also shown in
Table 3. The average *0% of the catalysts
were calculated from the *°0% of products such
as CO, CO,, and H,0. Fig. 5 and Table 4 show
the Raman spectra and the results of peak-shape
analysis. The fractions of the 700 cm~* band
are ca. 2 times bigger than those of the 998

m~! bands. This tendency is the same as that
in a reduction—oxidation method. The results
indicate that the oxygen insertion in the cat-
aytic oxidation takes place preferentialy at the
position V-0, vacancies (V-O layer) rather
than the position V—-O, (oxygen layer).

3.5. Active sites for reoxidation on V,0Oq

As discussed above, the band at 700 cm™? is
corresponding to_the stretching vibration of
V-0, with 1.88 A (2.02 A) in the V square of
octahedron. These are also edge-linked oxygen
ions between two octahedra. The band at 998
gm‘l corresponds to the terminal V=0 of 1.58
A, which is caled oxygen layer. The results
indicate that the V square oxygen ions are re-
placed more preferentialy than those of the
oxygen layer. It is concluded that the oxygen
insertion takes place at the vacancies corre-
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Fig. 5. The peak shape analysis of (a) spectra of Fig. 3f, and (b)
those of Fig. 3g.
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sponding to V-O. oxygen. The oxygen of
V-Og for 177 A, which corresponds to
corner-linked oxygen between two octahedra,
will also be replaced, though the information
from the Raman band could not be obtained in
this work. These features of V,O; are similar to
those of MoO, [3]. The two bands at 823 and
670 cm~*! of MoO, were shifted to lower fre-
guencies preferentialy while the bands of termi-
nal Mo=0 oxygen at 998 cm~* were not shifted
very much initially. This indicated the anion
vacancies of Mo sguare seem to be active sites
for oxygen insertion [3].

The study of reduction of V,0; was per-
formed by some workers. Kawashima et al.
[21], reported the existence of intermediate
phases from V,0; by reduction with SO,. These
phases were expressed V\O,,.,; which were
produced by the loss of oxygen layers, i.e.,
termina oxygen ions. Colpaert et al. [22], re-
ported the presence of shear planes at the
boundary between V,0; and V40,; where the
rate of oxygen loss was enhanced. From these
results, it has been proposed that the oxygen
layer, i.e.,, V=0 oxygen, is responsible for the
reduction by such as SO, and hydrocarbons.
However, it seems to be unclear which oxygen
is responsible at the initial step. The loss of
oxygen layer may occur via high migration of
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Fig. 6. Raman spectra of Mo containing V,05 catalysts as a
function of Mo content. (a) V,0s, (b) 5 a% of Mo, (c) 10%, and
(d) 15%.

oxygen after the reaction takes place at the V
sguare.

If the anion vacancies move easily to other
Sites after the reduction on V,0O;, reoxidation
may occur randomly at various vacancies, i.e.,
80 exchange will occur equally at various oxy-
gen ions. The paired oxygen insertion mecha
nisms were previousy proposed by Novakova
[27] and Hirota et al. [12]. In this work, the
preferential exchange takes place on the V
sguare of octahedra rather than terminal oxygen.
The insertion of the two oxygen atoms seems to
occur at the vacancies of the V square according
to that assumption [12,27].

3.6. Raman spectra of Mo containing V,Oq
catalysts and their shift intervals with O ex-
change

Fig. 6 shows Raman spectra of Mo contain-
ing V,0O catalyst before using for reactions.
The bands at 998 and 700 cm™~? shift slightly to
lower frequencies with the increase in Mo con-
tent. With the 15 Mo at% catalyst, the bands at
999 and 703 cm~* shift to 994 and 695 cm™?,
respectively. In this work, it is confirmed that
both V-O bonds at 998 and 703 cm™! are
weakened due to the presence of Mo ions.
According to previous reports [9], the formation
of solid solution of Mo ions to V,Og bring
about O, evolution and V** formation during
heating. The decrease in the V=0 band at 998
cm~! should be caused by such replacement
with Mo ions [9]. ESR studies revealed that the
electron of a V' ion interacted with several
neighbor V>* ions in the V,0O; crystal [23].

The Mo 5 a% V,0O; catalyst was exchanged
with 20 sufficiently for a long exchange time
at 873 K (Fig. 7) to know the fina shift posi-
tions. At the middle exchange time as shown in
Fig. 7b, the band at 998 cm™! shifts to 965
cm~*. The band at 700 cm~* shows line broad-
ening. These shift positions seem to be nearly
the same as those with V,O; shown in Table 2.
With the sample which was exchanged to fina
extent as shown in Fig. 7c, both bands at 998
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Fig. 7. Raman spectra of Mo containing (5 at%) catalyst ex-
changed with 20 sufficiently. (a) no exchange. (b) Exchanged
with 80, at 0.5 kPa and 823 K for 40 h after reduction by
n-butane for 10 min. (c) The cycle of (b) was repeated 4 times
except 0, exposure time was 10 h each.

and 700 cm ™! shift to lower frequencies such as
960 and 675 cm™?, respectively. These values
are somewhat smaller than those with V,O..
This latter feature seems to accompany the Mo
enrichment at the V,0O; surface by repeating
reduction and reoxidation for many times. The
Mo enrichment should be evidenced by XPS.

3.7. Raman band shifts of Mo containing V,Og
catalyst exchanged with **0 by a reduction—
oxidation method

0.05 g of MoO,-V,0./S 0, (Mo 5 at%)
was reduced with n-butane at 673—773 K. After
evacuation, it was reoxidized with *°0, at the
same temperature. The product selectivities in
the reduction by n-butane were shown in Table
5. The selectivity to butenes+ buta-1,3-diene
ranges from ca. 35 to 40% which are somewhat
smaller than in the case of V,0Og. The average
exchange '°0% were calculated from the
amounts of *°O in the products. Fig. 8 shows
the spectra as a function of the percentage ex-
changed with 0. At low exchange percentage,
no shift is observed at the band at 999 cm™* but
the band at 703 cm™! shifts to low frequencies
and shows line broadening. At high exchange

(e)
@)

(c)

(b)
(a)

1040 1020 1000 980 960 940
Wavenumber/cim-1

Fig. 8. Raman spectra of Mo containing (5 a%) V,05 /SO,
exchanged with 0 tracer using a reduction—oxidation method.
(@ No change, (b) 5% of O exchanged (c) 11%, (d) 12%, and
(e) 33%.

5

740 720 700 BR0 660 640
Wavenumber/cm-1

percentage, the new band at 965 cm™*! appears,
which is shifted from 998 cm™*.

In order to elucidate the shift change, the
peak shape analysis was attempted using the
shift position 964 and 685 cm~! because the
shift intervals were the same as those with V,0q
at a short exchange time as described above.
Fig. 9 shows the examples of peak shape analy-
sis of Fig. 8. Table 6 lists the band intensity
fractions. With the 5-11% of average exchange,
the shift fractions at 998 cm™* are small and the
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(2]
(2] o~
(@]
o~
w
® ~
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-
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Fig. 9. The peak shape analysis of (a) spectra of Fig. 8b, and (b)
that of Fig. 8e.
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Table 5
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n-Butane conversion, product selectivity, and average *®0 exchange percentage over Mo containing (5 at%) V,05/SIO, catalyst

Temp. (K) Conv. (%) Selectivity (%) Average exchange
18 f
C4H6+CAH8 CO+COZ ( O%in MOO3/V205)
703 0.4 30 70 5
716 0.7 29 71 11
733 10 45 55 12
753 21 32 68 33

The catalyst was reduced by n-butane at ca. 3 kPa for 5 min and reoxidized by *0, at ca. 1 kPa over 0.05 g of catalyst.

fractions at the 700 cm~! band are 6-3 times
larger than those at the 998 cm~! band. These
results indicate that catalyst reoxidation takes
place preferentially at the 700 cmo‘1 band corre-
sponding to the 1.88 and 2.02 A, i.e, V-Oc.
The tendency is the same as that with V,O;.
Previously, the propene oxidation over
MoO,/V,O, catalysts was studied [14]. Our
previous work indicated that the Mo containing
catalyst had higher activity and that the lattice
oxygen participation by using *2O tracer became
higher because of V** formation and that it
lead to the increase of anion vacancies and of
lattice oxygen mobility. The difference between
the exchanged fraction of V-O. oxygen and
terminal V=0, oxygen is somewhat bigger for
Mo containing V,0; catalysts. This suggests
that the more rapid diffusion in the bulk due to
the presence of Mo ions dightly affects the
preferential exchange of O, oxygen in the V
square.

Table 6

3.8. Redox features on V, 05 and Mo containing
V,0O; catalysts

As has been proposed by a humber of work-
ers (e.g. Ref. [24]), the reduction of the oxides
and its oxidation by gaseous oxygen occurs in
different regions on the oxide catalysts such as
Bi—Mo oxides. The surface anion vacancies
formed in the region X are refilled by diffusion
of oxide ions in the bulk, which results in
formation of the surface anion vacancies in the
region C. These vacancies bring about the oxy-
gen insertion. Under such situation, the follow-
ing equation holds under the steady state of
oxygen flow [14,25,26]. It is a modified redox
mechanism instead of a Mars and van Krevelen
mechanism [4]:

K; PoangOx = ko P5*(1— Oc)
where @y and 1— O, refer to the surface

fractions of oxide ions and vacancies in the
region X and C, respectively. k; is the rate

Fractions obtained from band shape analysis for the 703 and 998 cm™? bands for Mo containing (5 at%) V,O; catalyst

Reaction temp. (K) Average exchanged (% in V,05)

Exchange % at 703 cm™*
|685/( |703 + |685)

Exchange % at 998 cm~?*
|965/( |998 + |965)

703 5
716 11
733 12
753 33

30
28
39
45

5
9
16
19




T. Ono, . Numata / Journal of Molecular Catalysis A: Chemical 116 (1997) 421-429 429

constant for the reduction step and k, for the
reoxidation step. With V,05 and Mo containing
V,0; in this work, similar situations will be
expected. From our results it is elucidated that
the reoxidation occurs at the vacancies corre-
sponding to O, in the V sguare, i.e, the C
region corresponds to the O, oxygen ions here.
It is unclear which oxygen (O) will react with
n-butane at the initial reduction step. Tarama et
al. [9] reported that the O, in Fig. 1, i.e, V=0
oxygen, is responsible for the reaction and that
the promotive action of MoO; is due to the
weakening of the V=0 bond by its solid solu-
tion. In this work, the bond weakening takes
place at other V-O bonds as well as V=0
bonds. If the V=0, oxygen reacts preferentially
as proposed previously, the reoxidation and ex-
change seems to take place at the V=0 position
more preferentially. However, such a feature
was not observed. The O, may be aso O, or
Og species which are somewhat far apart from
each other in the edge- and corner-linked V
sguares.
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