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Changes of the surface structure of bismuth molybdate catalysts BizMoOQs, Bi:Mo:Os, and
Biy(MoQ,); after outgassing, after interaction with hydrogen and after interaction with pro-
pylene-oxygen mixture have been studied by XPS and UPS. Outgassing of MoO3 and Bi:MiOs
results in surface reduction of Mo%* to Mo*+ ions, Mo** constituting two kinds of donor center
above the valence band. This process is enhanced on interaction with Hj, but it is only in later
stages of the reduction that Bi** ions become reduced.

In the conditions of the catalytic oxidation of propylene the surface composition of the
three bismuth molybdate phases reflects that of the bulk, whereas after vacuum or reducing
treatment the three compounds show similar values of the Bi/Mo ratio.

INTRODUCTION

Experimental evidence collected in re-
cent years indicates that selective oxida-
tion of olefins on oxide catalysts proceeds
by a series of consecutive steps, the first
of which is the formation of an allylic
intermediate. Examination of various prop-
erties of molybdate catalysts enabled two
of the present authors to formulate a
mechanism postulating that each of these
steps requires a different kind of active
center to be present at the catalyst sur-
face (1-8), the product obtained depend-
ing thus on the type and mutual propor-
tions of the various active centers at the
surface of the catalyst. According to this
mechanism, in case of catalysts such as
bismuth molybdates, the centers respon-
sible for the first hydrogen abstraction
involve Bi** cations, whereas insertion of
oxygen proceeds with the participation of
oxygen polyhedra of molybdenum.

In the Biy0;-MoQO; system three dif-
ferent phases, namely Bi;MoOg, BizMo:Oy

and Biy(MoO,)s;, are known to be active
and selective catalysts for the partial
oxidation of olefins, but considerable dif-
ferences of opinion exist as to the sequence
of activities of these molybdates. Batist
et al. (4, 5) assign the highest activity in
butene oxidative dehydrogenation to the
koechlinite phase BisMoQs, whereas Kol-
chin et al. (6) have found BisMo.04 to be
the most active in propylene oxidation.
In our experiments carried out with flow
and pulse methods (8, 7) also this latter
molybdate was the most active in pro-
pylene oxidation, whereas in the case of
butene-1 oxidative dehydrogenation the
difference in activity of the three phases
was very small.

A question may be raised at this point
as to whether it is appropriate to discuss
the differences in catalytic properties of
these three phases in terms of different
bulk composition, which may not reflect
the true composition of their surfaces. It
should also be borne in mind that the
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reduction—oxidation cycles taking place in
the course of the catalytic reaction may
considerably alter the surface structure
and composition of the catalyst in com-
parison with the surface of a sample which
has been degassed in high vacuum at
elevated temperatures, the usual procedure
in such experiments as measurements of
the work function (10), sorption of re-
actants (11, 12), or reducibility in hydro-
gen (8, 9). One may ask whether such
surfaces are comparable with those oper-
ating in the catalytic system and to what
extent their physicochemical properties
may be correlated with the properties of
the catalyst.

In order to answer these questions photo-
electron spectroscopy appeared to offer
many advantages. In recent years this
technique has been exploited in several
studies of the structure of molybdenum
oxides and molybdates (13-19). In the
present work studies of X-ray photoelec-
tron speetra (XPS) and uv photoelectron
spectra (UPS) of bismuth molybdate cata-
lysts have been carried out and the changes
occurring on vacuum heat treatment as
well as on contacting the catalyst with
hydrogen and reactants of the reaction of
hydrocarbon oxidation have been followed.

EXPERIMENTAL METHODS

Bismuth molybdates Bi:MoOQOg, Bis-
Mo30,, and Biy(Mo0,); were obtained by
coprecipitation from bismuth nitrate and
ammonium paramolybdate solutions fol-
lowed by caleination at 500°C. The details
of the preparation methods and of iden-
tification of the three compounds have
been reported elsewhere (20). Bismuth
oxide was obtained ¢n sitw in the prepara-
tion chamber of the spectrometer by oxi-
dizing evaporated metallic bismuth in
oxygen at 150°C. Molybdenum oxide was
prepared by decomposition of ammonium
paramolybdate at 470°C.

Photoelectron spectra were measured
with a Vacuum Generators ESCA-3 spec-
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trometer. The aluminum K-line (1486.6 eV)
was used for excitation of XPS, and uv
radiation from a helium I source for ex-
citation of UPS. For binding energy (BE)
calibration a small amount of gold powder
was mixed with the sample and the Au
4f7/2 peak (84.0 eV) was used as reference.
The estimated accuracy in determining
the BE values was 0.2 eV. The samples
were deposited as a thin layer on the
sample holder from an acetone suspension
and could be heated to 600°C.

The samples were outgassed in the pre-
paration chamber of the spectrometer at
120°C for 3 hr at 10~8 Torr and the spectra
were then recorded. In this way the BE
values of initial samples were obtained.
The samples were then subjected to various
heat and vacuum pretreatment procedures.
Preliminary experiments have shown that
prolonged heating of the samples in a
vacuum at 300°C for periods as long as
12 hr did not produce any visible changes
either in the positions of the peaks or in
their intensities. This indicates that the
procedure employed for standardization
provides an appropriate initial state of the
surface for further investigations of its
changes in the course of reduction and
catalytic reaction.

RESULTS AND DISCUSSION
4. Electron Binding Energies

The electron binding energies in Bi;Os,
Mo0Os, and the three bismuth molybdates
are summarized in Table 1. They are in
good agreement with those published re-
cently by Matsuura and Wolfs (19). The
energy levels of bismuth ions in bismuth
molybdates are identical with those ob-
served in Bi,0; as might be expected in
view of similar coordination. It is note-
worthy that also molybdenum ions are
characterized by similar energy levels al-
though their coordination is octahedral in
MoQ; and Bi;MoQs, whereas it is tetra-
hedral in Biy(MoO4)s. Apparently coordi-
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nation has a very small influence on the
core electron binding energies in molyb-
denum, in agreement with the observations
of Armour et al. (15) for other Mo(VI)
compounds.

B. Effect of Oulgassing

When samples of MoO; or molybdates
were outgassed in the preparation chamber
of the spectrometer at 470°C for 10 hr,
reduction of the samples was observed.
This is illustrated in Fig. 1, which shows
the electron spectra in the range of the
Mo 3d energy levels registered in the case
of MoO; and Bi:MoOs after oxidizing in
oxygen at 1 atm for 1 hr at 470°C (curves
A) and after outgassing at 10~® Torr for
10 hr at the same temperatures (curves B).

The spectra of an oxidized sample of
MoOQOs; reveal only the presence of hexa-
valent Mo ions with BE values of 231.5
and 234.7 eV for 3d electrons in very good
agreement with those observed by Cimino
and De Angelis (18). After outgassing a
new peak appears in the lower BE range
at 228.2 eV. This value is identical with
the BE value of the Mo 3d;,, peak of the
doublet (228.2 and 231.4 eV) which de-
velops in the course of the reduction of
MoOs; in hydrogen (21). The same doublet
is characteristic for molybdenum ions in
Mo0O,. Detailed studies of the XPS spectra
of molybdenum oxides and the products
of their reduction led us to the conclusion

TABLE 1

Bismuth, Molybdenum and Oxygen Binding
Energies (eV), in Bismuth Molybdates and Com-
ponent Oxides

Bi;:0: MoOs Bi:Mo0Os BizMo:0s Bi:(Mo0O4)s

O1ls 529.8 520.8 529.8 520.7 529.8
Mo 3ds/s 235.0 235.0 235.0 235.0
3ds/2 231.8 231.8 231.8 232.0

Bi 4fs2 1644 164.4 164.4 164.4
4f12  158.8 158.8 159.0 159.0
Bdas2 28.5 28.8 28.4 28.8
5ds/2 25.6

25.6 25.6 25.6
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Fre. 1. Mo 3d signals of MoO; (I) and Bi;MoOs
(II): (A) oxidized at 470°C for 1 hr at 1 atm of
oxygen; (B) outgassed at 470°C for 10 hr at 10~3
Torr.

(21) that the doublet at 228.2 and 231.4 eV
corresponds to Mo*t jons forming pairs
with metal-metal bonds between the two
paired Mo** ions of edge-sharing octahedra,
the phenomenon known to oecur in the
MoO, lattice (22). We have advanced a
hypothesis that the formation of paired
Mo** ions in the course of the reduection
of MoO; may be related to the trans-
formation of the MoQ; layers from the
array of corner-linked zigzag strings of
edge-sharing MoQOs octahedra into units of
these strings linked by edge-sharing of the
last three octahedra in each unit along
the shear plane (2f). Crystallographic
shear results thus in the formation of
clusters of edge-sharing octahedra, in which
pairing of Mo*" ions occurs. Apparently
similar domains of edge-sharing octahedra
are formed on outgassing in the surface
layers of BizMiQg. The erystal structure
of Bi:MoOs is composed of layers of
[Bi;0:] and [Mo0O,], linked together by
layers of oxygen ions. The formation of
shear structures in this case may be visu-
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Fia. 2. Ultraviolet photoelectron spectra of MoOj;
(I) and Bi:MoOs (II): (A) oxidized at 470°C for
1 hr at 1 atm of oxygen; (B) outgassed for 10 hr
at 470°C; (C) contracted with propylene at 440°C.

alized as resulting from the rearrangement
of the Mo—O octahedra in the [MoO:]
layers, which transform from the corner-
sharing into edge-sharing structure without
much affecting the structure of [BiyO;]
layers.

The tetravalent molybdenum ions ap-
pearing as the result of the formation of
shear planes constitute surface energy
levels situated in the forbidden energy gap
of the solid, as revealed by the uv photo-
electron spectra shown in Fig. 2. MoO;
which has been oxidized at 470°C shows
the valence band with two maxima at 5.0
and 7.6 eV. The valence band boundary
is observable at a binding energy of about
2.8 eV. After outgassing, local energy levels
appear at ~0.9 and ~2.0 eV. Similar
levels are also formed on outgassing the
Bi;MoOs as indicated by curve ITB. These
levels should have a donor character, as
the substitution of higher valent ions in
the lattice sites of an oxide by lower
valent ions results in the appearance of
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n-type conductivity. In fact, measurements
of the electrical conduetivity of MoQO; and
its dependence on oxygen pressure showed
that this oxide has n-type conductivity
(23).

C. Reduction in Hydrogen

The conclusion that on reduction of
Bi;Mo0QOs the [MoO,] layers are first re-
constructed without change of the structure
of [Bi;0,] layers is further substantiated
by the results of electron spectra of Big-
MoO, samples contacted with hydrogen
for various times. Figure 3 illustrates the
Bi 4f, Mo 3d and O 1s signals of such
samples.

As mentioned above, outgassing at 470°C
results already in the reduction of Mot
to Mo** ions, which is manifested by the
appearance of the 3ds: peak of paired
Mo*+ at 2283 eV (spectrum II). No
changes of the Bi peaks could be observed,
as illustrated by the 4f doublet. On ex-
posing the sample to hydrogen at 470°C
for 10 min, the intensity of the peak at
228.3 eV increases indicating further reduc-
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Fia. 3. Bi 4f, Mo 3d and O 1s signals of Bi,MoQs
samples reduced in hydrogen: (I) initial sample,
outgassed at 120°C; (II) after outgassing at 470°C
for 15 hr; (III) after exposing to hydrogen at,
470°C for 10 min; (IV) after again exposing to
hydrogen at 470°C for 1 hr,
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tion of Mot ions to Mo*", whereas the
Bi peaks still remain unchanged. Only
after reduction in hydrogen at 470°C for
2 hr, when the Mo 3d;;. peak at 235 eV
remained only as a shoulder indicating
that the majority of Mo®* ions have already
been reduced, did the doublet appear at
the binding energy of 156.2 and 161.8 eV,
characteristic for the 4f peaks of metallic
bismuth. An identical position of the
doublet was obtained after deposition of
a thin layer of metallic bismuth onto the
gold support.

It may therefore be concluded that the
interaction of hydrogen with Bi,MoOs re-
sults first in a rearrangement of the [ MoO;]
layers to form shear structures with the
reduction of Mo®+ to Mo** ions, and only
in the later stages of this process does
the reduction of Bi** take place. It is
interesting that throughout the whole proc-
ess of reduction and rearrangement the
position of the oxygen 1s peak is constant,
indieating that the charge distribution
around oxygen ions remains practically
unchanged.

D. Surface Composition

The reduction—oxidation processes have
a pronounced influence on the composition
of the surface layer of bismuth molybdate
grains. Figure 4 shows the relative inten-
sities of the Bi 4f72 and Mo 3ds2 peaks
with respect to the O 1s peak as function
of the Bi/Mo atomic ratio in the molyb-
dates for fresh samples, outgassed at 120°C
for 3 hr at 10—2 Torr (curves IA and ITA),
samples which were heated at 470°C in
vacuum for 10 hr (curves IB and IIB)
and samples treated at 440°C for 5 hr in
a flow reactor with the reacting mixture
(C3Hs:05: Np = 24:21:55 vol9,). Annealing
in vacuum at high temperature leads to
a considerable decrease in Bi intensity
(curve IB) and to increase in Mo intensity
(curve IIB). This effect is most pro-
nounced in the case of the Bi-rich phase
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Fig. 4. Relative intensities of Bi 4f7: peak (I)
and Mo 3ds2 peak (II) with respect to the O 1s
peak for bismuth molybdates: (A) initial samples;
(B) after heating in vacuum at 470°C; (C) after
treatment with reaction mixture (C;Hgs + Oz 4+ No)
at 440°C.

Bi:MoQOs. It may therefore be concluded
that on annealing the surface layer of the
grains becomes enriched in molybdenum.
This may be related to three effects,
namely formation of shear structures, sur-
face migration of molybdenum oxide and
evaporation of bismuth ions from the sur-
face. As shown above, on heat treatment
in a vacuum a surface reduction takes
place resulting in the formation of domains
of edge-sharing Mo octahedra. The number
of molybdenum ions per unit volume in
such domains is twice that in the layer
of corner-sharing octahedra which would
easily account for the increase in the Mo
peak intensity. On the other hand, molyb-
denum polyhedra are known to migrate
readily over oxide surfaces (25) and heating
in a vacuum may cause reconstruction of
the exposed crystal planes, resulting in the
decrease of the intensity of the Bi peaks.
Evaporation of some of the bismuth ions
from the surface may also take place
resulting in similar reconstruction of the
surface. It is noteworthy that samples
treated in the propylene 4 oxygen mixture
show Bi/O and Mo/O ratios similar to
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Fig. 5. C 1s and O 1s signals of Bi;MoQs: (1)
sample oxidized at 470°C for 1 hr at 1 atm of
oxygen; (II) after treatment in the reaction mixture
(CsHe: O2: No = 24:21:55 vol%) at 440°C for 1 hr.

those of fresh samples. This may be taken
as an indication that in the conditions of
the catalytic oxidation of propylene the
surface of the bismuth molybdate catalyst
remains totally oxidized and the surface
composition of the three bismuth molyb-
date phases reflects that of the bulk. In
contrast, in the reducing atmosphere due
either to the action of high vacuum or to
the presence of reducing agents, a recon-
struction of the surface occurs, resulting
in a similar composition for the surfaces
of all three molybdates. This faet should
be taken into account when correlations
are sought between the catalytic activity
and physicochemical properties of these
catalysts.

It is interesting to mention that after
the samples had been treated with the
reacting mixture in the flow reactor, their
spectrum reveals the appearance of the
second kind of oxygen species. This is
illustrated in Fig. 5, which shows the O 1s
signals of the fresh oxidized Bi.MoQO; sam-
ple and the same sample after reaction in
C3;Hg + O2 mixture.

The appearance of the peak at 532.4 eV
was also observed when the BisMoQg sam-
ple was exposed to propylene at 500°C
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tn situ in the spectrometer. This peak is
accompanied by the appearance of the
C 1s peak at 284.5 e¢V. As we have ob-
served a similar value of the 1s electron
binding energy for oxygen in adsorbed
propionic acid we suggest that the 532.4 eV
peak may be assigned to oxygen in oxy-
genated hydrocarbon species strongly
bonded to the surface of the catalyst. It
must be remembered that a similar posi-
tion of the O 1s peak is also observed for
surface OH groups. However, as the ap-
pearance of this peak was not observed
on reduction of the sample in hydrogen
(cf. Fig. 3), the first assignment seems
to be more plausible. This would indicate
that in the course of the catalytic reaction
the bismuth molybdate catalyst becomes
covered with strongly bonded oxygenated
hydrocarbon species which persist at the
surface even after outgassing at 430°C
for 12 hr.

ACKNOWLEDGMENT

The technical assistance of Mr. J. Hlodzik in
preparing the samples of the molybdates treated
with the reacting mixture in the flow reactor is
gratefully acknowledged.

REFERENCES

1. Haber, J., and Grzybowska, B., J. Calal. 28,
489 (1973).

2. Haber, J., Z. Chem. 13, 241 (1973).

8. German, K., Grzybowska, B., and Haber J.,
Bull. Acad. Polon. Sci. Ser. Sei. Chim. 21,
319 (1973).

. Batist, P. A., Lippens, B. C., and Schuit,
G. C. A, J. Catal. 5, 55 (1966).

5. Batist, P. A., Der Kinderen A. H. W. M,,
Leeuwenburgh, Y., Metz, F. A. M. G,
Schuit, G. C. A,, J. Catal. 12, 45 (1968).

6. Kolchin, I. K., Bobkov, S. S., and Margolis,
L. Y. Neftekhimaya 4, 301 (1964).

7. Grzybowska, B., Bull. Acad. Polon. Sci., Ser.
Sci. Chim. 22, 519 (1974).

8. Bere§, J., Brickman, K., Haber, J., and Janas,
J., Bull. Acad. Polon. Sci., Ser. Sci. Chim.
20, 813 (1972).

9. Bruckman, K., PhD thesis, Krakéw, 1973.

10. Grzybowska, B., Haber, J., Nowotny, J., and
Nowotny, J. T., Bull. Acad. Polon. Sci., Ser,
Sci, Chim. 21, 51 (1973).

B



11.
12.
13.

14.

15.

16.

17.

18.

PHOTOELECTRON SPECTRA OF Bi MOLYBDATES

Matsuura I., and Schuit, G. C. A,, J. Catal. 20,
19 (1971).

Trifird, F., Kubelkova, L., and Pasquon, I, J.
Catal. 19, 121 (1970).

Swartz, W. E., and Hercules, D. M., Anal.
Chem. 43, 1774 (1971).

Miller, A. W., Atkinson, W., Barber, M., and
Swift, P., J. Catal. 22, 140 (1971).

Armour, A. W., Mitchell, P. C. H., Folkesson,
B. and Larsson, R., Less Common Melals 36,
361 (1974).

Friedman, R. M., Declerck-Grimee, R. I, and
Fripiat, J. J., J. Eleciron Spectrosc. 5, 437
(1974).

Aptekar, BE. L., Chudinov, M. G., Alekseev,
A. M., and Krylov, O. V., Reaction Kinet.
Catal. Leit. 1, 493 (1974).

Cimino, A., and De Angelis, B. A, J. Catal.
36, 11 (1975).

19.
20.

21.

22.

23.

24.

333

Matsuura I., and Wolfs, M. W. J. Catal. 37,
174 (1975).

Grzybowska, B., Haber, J., and Komorek, J.,
J. Catal. 25, 25 (1972).

Haber, J., Marczewski, W., Stoch, J., and
Ungier, L., Ber Bunsenges. Physik. Chem. 79,
970 (1975).

Magneli, A., and Andersson, C., Acla Chem.
Scand. 9, 1378 (1953).

Komorek, J., thesis, Krakéw, 1971; Giordano,
N., Cavaterra, E., and Martinotti, G.,
“Symposio de Dinamica delle Reazioni
Chimiche.” (Padova 1966), Corsi e Seminari
di Chimica CNR. Vol. 5, Roma 1966.

Haber, J., and Ziétkowski, J., “Proceedings of
the 7th Symposium Reactivity of Solids”
(Bristol 1972). p. 782. Chapman & Hall,
London, 1973.



