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The redox properties of four bismuth molybdate catalysts (&, # and y phases and a mixture
of B and y phases) have been investigated in atmospheres of oxygen and but-1-ene at different
temperatures using the electrical-conductivity technique. It has been shown that these solids
are intrinsic semiconductors in the oxidized state and become highly conductive when in contact
with but-1-ene. The only source of active oxygen is the surface lattice anions of the solid, whose
anionic vacancies are replenished by oxygen from the gas phase. The qualitative classification
of the relative reduction rates found by conductivity measurements is identical to that found
by kinetic measurements carried out in a pulse reactor (y > a > f).

Bismuth molybdates are used as selective industrial catalysts for the (amm)
oxidation of olefins, and several reviews have been devoted to this system.!: 2 Although
the unique role of lattice oxygen and not that of the adsorbed oxygen has been
established for selective catalytic oxidations,® there are still problems about classifi-
cation for the catalytic activity of the different Mo—Bi—O phases, either for propene
oxidation and ammoxidation or for the oxidative dehydrogenation of butene.* The
redox properties of the surface of bismuth molybdates and the lattice oxygen
diffusivity are key parameters for the reactivity of these solids. Since redox processes
are basically electronic, the electrical-conductivity technique appears to be a good
method of following in situ the behaviour of the various Mo-Bi—O phases when in
contact with reducing or oxidizing atmospheres. The solids have previously been
studied for the oxidative dehydrogenation and/or isomerization of but-1-ene,> ¢ and
so but-1-ene was chosen as the reducing agent for the various redox cycles.

EXPERIMENTAL

CATALYSTS

The Mo~Bi catalysts were prepared by coprecipitation starting with a mixture of an aqueous
solution of ammonium heptamolybdate and a nitric acid solution of bismuth nitrate.” ** By
choosing the correct proportions and controlling the basic parameters such as pH, temperature,
stirring, concentration ezc., different phases of bismuth molybdate were obtained: Bi,O,-
3MoO, (« phase), Bi,0, 2 MoO, (8 phase), Bi,0,-MoO, (y phase) and a Mo-Bi sample,
denoted MJ, corresponding to ca. 25 and 759 of the § and y phases, respectively. All samples
had low surface areas (ca. 1 m? g™*) and were characterized by X-ray diffraction. Their
structural evolution after oxidation-reduction sequences was followed by infrared

spectroscopy.
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ELECTRICAL CONDUCTIVITY

The electrical conductivity was measured in a static cell, specially designed for studying
solid—gas electronic interactions at the surface of powdered oxides such as TiO,,!! Sn-Sb-0,!2
Fe-Sn-Sb-O**and metal catalysts deposited on semiconductors.! The procedure and limitations
of the technique have been discussed previously.!t-14

RESULTS AND DISCUSSION

SEMICONDUCTING BEHAVIOUR OF THE DIFFERENT PHASES

The four samples, whose physical properties are given in table 1, were tested in
electrical measurements involving the influence of the oxygen pressure B, and of the
temperature. Fig. 1(a) shows that the electrical conductivity, o, of the four samples
previously heated in oxygen to 450 °C is independent of F,, , at least in the range 2-160
Torr (1 Torr & 133.3 Pa), which shows that the samples are intrinsic semiconductors.
Consequently, according to theory, their respective activation energies of conduction,
deduced from fig. 1(b), correspond to half their band-gap energy, Eg, given in table 1.
The « and y phases, which are known to be stable, have the highest E;, whereas
the f phase, which is less stable, has a low band-gap energy (E; = 1.54 eV)if compared
by interpolation with those of the a and y phases. The E; value of the MJ-1/74 sample
is intermediate between those of the y and f phase, but closer to that of the f phase,
although the amount of this phase in MJ is less.

The immediate consequence of the intrinsic semiconductor character of the Mo-Bi
catalysts is that the concentration of free electrons will be very low and no oxygen
ionosorption can occur on oxidized forms close to their stoichiometric composition.
Thus, the only possible source of reacting oxygen will be surface or subsurface lattice
anions O3,

OXIDATION—-REDUCTION IN BUT-1-ENE—OXYGEN SEQUENCES

Since these Mo-Bi catalysts are known to oxidize but-1-ene to butadiene or
isomerise it into cis- or trans-but-2-ene with two distinct patterns of behaviour
depending on the temperature range (one pattern starting from 280 °C and the other
ending at 350 °C),> %1518, these two limit temperatures were chosen for the
measurement of ¢ during but-1-ene—oxygen sequences.

BUT-1-ENE-OXYGEN RUNS AT 280 °C

The influence upon ¢ of the reduction at 280 °C by but-1-ene is given in fig. 2, with
a sharp initial increase followed by a slower one, especially for the « and y phases.
Simultaneously, the solids become dark and behave as n-type semiconductors with
the formation of anionic vacancies Vg:-:

C,H,+0% - C,H, + Vor-+H,0. 0

Vacancies are generally singly ionized in the ordinary thermal conditions of catalysis,
thus explaining the increase of conductivity:

Vi == (Ve-) "+ )

The amplitude of the initial o variations, expressed in orders of magnitude by log
(o/a,), are indicative of the relative initial rates of reduction of the various bismuth
molybdates. Actually, log (¢/a,) values are in the order: y > « =& MJ > f. This order
1s identical to that obtained for the rates of reduction measured in a pulse reactor,®
as shown by fig. 3 (a). Similarly, the total amplitude ¢ over ca. 2 h varies with the mean
rate of reduction rates of Mo—Bi by but-1-ene [fig (36)] in the order y > « > MJ > §.
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Table 1. Physical characteristics of Mo-Bi samples

catalyst dlogo
formula phase Bi/Mo structure colour dlogP,, E./kJmol™ Eg/eV
Bi,0,-3Mo00, a 2/3 scheelite pale yellow 0 130 2.67
Bi,0,'2Mo00O;, B 1 — pale yellow 0 75 1.54
Bi, 0, MoO, y 2/1 koechlinite  bright yellow 0 146 3.04
75%v+25%p MI-1/74 — — bright yellow 0 102 2.12
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Fig. 1. (a) Conductivity isotherms: plots of log o against f{log £,,,) at 450 °C. (b) Arrhenius plot
of log o against f{10%/T) at F,, = 160 Torr.
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Fig. 2. Plot of electrical conductivity (log &) against time with but-1-ene (60 Torr) and oxygen
(160 Torr) at 280 °C.

After prompt outgassing, the introduction of oxygen at the same temperature causes
a sharp decrease of g, corresponding to the fast filling of surface anionic vacancies:

Oy(8) + (Vo) +e" = 0§ 3

An electrical steady state is reached rapidly in the case of the # phase and the MJ
sample. The slower o variations found for the a and y phases, for reduction as well
as for reoxidation (fig. 2), seem to be indicative of deeper oxidation-reduction
processes affecting the subsurface lattice oxygen. By comparing the variations of o
in but-1-ene and in oxygen, it appears that only the f phase is reoxidized completely
in O, at 280 °C.

BUT-1-ENE-OXYGEN RUNS AT 350 °C

The same sequences were repeated at 350 °C (fig. 4), which corresponds to the higher
temperature used for catalytic tests. As with low-temperature experiments, the initial
electrical conductivity variations (logs/ag,) provide the relative, initial rate of
reduction. These are determined on the vertical axis at time ¢ = 0 and vary according
to the nature of the Mo—Bi phases in the same order as obtained for initial rates of
reduction measured at 350 °C in pulse reactor:'®* y > & > MJ > . For the mean rates
of reduction, determined for ¢ &~ 100 min, electrical-conductivity estimates always
parallel the kinetic data obtained in the pulse reactor, but with an inversion between
the o and y phases: o >y > MJ > .

After rapid evacuation, the introduction of oxygen causes a sharp drop in the
electrical conductivity and a simultaneous change in the colour of the catalysts from
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Fig. 3. Plot of relative electrical conductivity (log 6/0,) as a function of rate of reduction
determined in a pulse reactor: (@) initial variation of ¢ as a function of initial reduction rates
and (b) total variation of ¢ within ca. 100 min as a function of the mean reduction rate.
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Fig. 4. Same as in fig. 2 but at 350 °C.

) 1N
s \'\_ .\...\ Y
IB L ° .\\.\0
44 N
-8 M =~

1

= . : .

0 100 200 300
t/min


http://dx.doi.org/10.1039/f19858102107

Published on 01 January 1985. Downloaded by Christian Albrechts Universitat zu Kiel on 26/10/2014 16:59:46.

View Article Online

2112 REDOX PROPERTIES OF M0—Bi CATALYSTS

p
-3 % ) ﬁ_]

’L' L\/ /\/
£
<
& ]
)
g
~ -6+ B /5
% N\ MJ \ Y
- 7P
MJ r MJ
"3 & 30 min
— } —+ t
1-C4Hs 0, 1-C4Hs .02

Fig. 5. Plot of log o for but-1-ene—oxygen sequences at 450 °C.

black to yellow. This corresponds to the filling of peripheral anionic vacancies
[reaction (3)]. Note that the initial slopes (d log ¢/d¢), are smaller for oxidation than
for reduction. Their relative ratios (red/ox) are always higher than unity (4.4,1.1,8.7
and 3.8 for «, B, y and MJ, respectively). This means that the rate of surface reduction
of Mo-Bi by but-1-ene is higher than the rate of reoxidation by gaseous O,, as was
found for the same solids in the presence of an ammoxidation reacting mixture of
propene, ammonia and oxygen.!” Consequently, we conclude that the Mo-Bi catalysts
are in a partially reduced surface state during the reaction. The redox process, which
involves the participation of lattice oxygen ions, is described mathematically by the
Mars and Van Krevelen mechanism.®

OXIDATION—REDUCTION SEQUENCES AT 450 °C AND STRUCTURAL EVOLUTION

Previous X-ray diffraction studies!®: 2 have shown that pure Mo-Bi—O phases react
under the reducing influence of but-1-ene according to

Bi,0, 3M00,(«) - Bi,0,- MoO,(») + 2Mo0, + 20
Bi,0, 2M00,(B) - Bi,0,- M0oO,(y)+MoO,+O
BI,O, - MoO,(y) — 2Bi +MoO, + 40.

Moreover, when the f phase is reduced to metallic Bi and MoQO,, subsequent
reoxidation with oxygen does not restore the initial structure and some formation of
the a-phase occurs.

The results of the successive but-1-ene—-oxygen sequences on the o phase at 280, 350
and 450 °C (fig. 2,4 and 5) show a fast initial redox process followed by a slower
one, as mentioned in ref. (17), which has to be related to its close-packed structure.
At lower temperature the § phase is only superficially reduced, while a phase sublayers
are involved even at 280 °C.

In the reoxidation cycle the initial a phase structure is not restored, at low
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Fig. 6. Lr. spectra of (a) a, (b) B, (¢) y and (d) MJ samples (——) before and (—--) after
redox cycles at 450 °C.

temperature, during the analysed time, oxygen diffusion in the lattice being very slow:
reversibility was observed at 450 °C [fig. 5 and 6(@)]. In f-phase reoxidation,
reversibility was not achieved when sublayers were involved (450 °C), as shown in
fig. 6(b) where characteristic i.r. bands of the a and y phases are also visible.

The results obtained with the y phase (fig. 2,4 and 5) show good agreement with
previous data,'s suggesting that this phase is the most reducible and the most promptly
stabilized: the reduction-reoxidation process is reversible at high temperatures
[fig. 5 and 6(¢)].

The multiphase MJ sample, composed by f and y phases, presents intermediate
behaviour: the electrical conductivity at high temperatures is similar during reduction
to that of its less reducible component (f phase). and is similar during reoxidation
to that of its more easily oxidized component (y phase) [fig. S and 6(d)].

CONCLUSIONS

From the electrical-conductivity data for the four bismuth molybdates studied («,
p and y phases and mixed f+7 phases) the following points can be deduced. (1) In
oxygen, after preoxidation, the solids behave as intrinsic semiconductors with low
conductivities, independent of oxygen pressure in the range 2-160 Torr, as would be
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consistent with the stoichiometric composition and the absence of anionic vacancies
in equilibrium with B, . (2) In the presence of but-1-ene the solids become highly
conductive because of the formation of singly ionized vacancies due to the oxidative
dehydrogenation of C,H, into C,H, [reaction (1)]. The rates of reduction of the solids,
deduced from variations of o, vary in the same way as those obtained from pulse-reactor
kinetics (y > a > MJ > f). (3) Reoxidation of butene-treated samples by O, at 280
and 350 °C causes the conductivity to decline towards values originally observed for
oxygen-pretreated samples, consistent with reconstitution of surface lattice anions
from anion vacancies caused by reduction. (4) From conductivity cycles in butene and
oxygen it was observed that the initial rates of reduction are higher than the initial
rates of oxidation, which shows that the surfaces of the solids are in a slightly reduced
state (Mars and Van Krevelen mechanism). (5) Electrical-conductivity measurements
and infrared spectroscopy gave complementary results showing that the @ and y phases
undergo reversible surface structural changes in redox sequences at 450°, in contrast
to the S phase.

This work was carried out at the Institut de Recherches sur la Catalyse C.N.R.S.,
69626 Villeurbanne, France, the former address of J-M.H. We thank the CIES for
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