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X-ray photoelectron spectroscopy has been applied to the study of the surface composition and
the redox behaviour of multicomponent oxide catalysts having the scheelite structure and general
formula Bi,,;0,5-,Me,(V,_,Mo,_,Fe,)O, (Me = Fe or Bi, 0 = cation vacancies), before and after
exposure to hydrogen, propene, and a propene + oxygen mixture. The results point to a different
reactivity toward the various reactants. By interaction with hydrogen, an extensive reduction is
obtained with considerable change of the catalyst surface composition. The reduction behaviour
depends on the sample composition, the iron-containing catalysts being reduced at low temperature
(140°C). As regards propene treatment, a preferential reactivity of bismuth with propene has been
found, regardless of the sample composition. Bismuth is reduced at low temperature (175°C) with
ensuing migration to the surface. Under conditions leading to the catalytic oxidation of propene, a
high surface stability is exhibited by these compounds. The catalysts remain oxidized and the
surface composition reflects that of the bulk. A correlation with the catalytic properties has also
been made on the basis of the different mobility of the oxygen ions among the samples ex-

amined. © 1989 Academic Press, Inc.

INTRODUCTION

The catalytic properties of systems based
on bismuth molybdates for the (ammo)ox-
idation of olefins have been extensively
studied (/). However, despite the many pa-
pers devoted to the oxidative conversion of
olefins and despite a general agreement
upon the stages, such as initial olefin chemi-
sorption, a-hydrogen abstraction, and allyl
intermediate formation, the role of the indi-
vidual components of the catalysts in the
various reaction steps is a current contro-
versy (2—4). In order to obtain further in-
sight into the properties of these systems, a
study of a new class of catalysts with
scheelite structure and general formula
Bil—x/3Dx/S—yMey(Vl—xMox—yFey)O4 Me =
Fe or Bi, O = cation vacancies) has been

1 To whom correspondence should be addressed.

undertaken in our laboratory. Detailed
studies concerning the sample preparation,
structural characterization, and catalytic
properties have already been reported (5—
7).

In the present work, X-ray photoelectron
spectroscopy (XPS) has been applied to
study the surface properties and the redox
behaviour of such compounds before and
after interaction with hydrogen and pro-
pene (directly in the high-pressure prepara-
tion chamber of the instrument), and a pro-
pene + oxygen mixture, with the aim of
clarifying the intermediate steps and the
transformations which occur on the cata-
lyst surface under reaction conditions.

EXPERIMENTAL
Sample Preparation and Characterization

The catalysts were prepared by a copre-
cipitation method and final calcination at
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600°C in air for 24 h. Details of the sample
preparation and characterization are given
elsewhere (5). As already described in de-
tail (5), these compounds have the scheelite
structure and general formula Bi,_ 30,5,
Me,(V,-:Mo,_,Fe,)O, (Me = Fe or Bi, [0 =
cation vacancy). According to the general
formula, three series of samples were pre-
pared: (i) iron-free samples (y = 0.00) in
which Mo¢* replace V3* jons in the tetrahe-
dral sites of the high-temperature BiVO,
scheelite structure, whereas cation vacan-
cies and bismuth are located in the eight-
coordinated sites of the structure; (ii) iron-
containing samples (Me = Fe) derived from
bismuth molybdovanadates, where Fe3*
ions partly substitute molybdenum in tetra-
hedral sites and partly fill an equivalent
amount of eight-coordinated cation vacan-
cies; and (iii) iron-containing samples (Me
= Bi) in which Fe?* ions interchange with
Mo®* ions in tetrahedral sites and Bi3* ions
fill an equivalent amount of cation vacan-
cies.

The compositions of the samples investi-
gated are reported in Table 1.

XPS Measurements and
Sample Treatments

The spectra were recorded with a Ley-
bold—Heraeus LHS 10 spectrometer oper-
ating in FAT mode, using a twin AlK«
(1486.6 eV; 12 kV, 10 mA) and MgKa
(1253.6 eV; 10 kV, 20 mA) anode and inter-
faced to a 2113B HP computer. The sam-
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ples, made into fine powder, were pressed
onto a gold-decorated tantalum plate at-
tached to the sample holder. The samples
were treated in air at 600°C for 3 h before
mounting for XPS.

Reduction of the samples in pure flowing
H, or propene was carried out directly in
the XPS high-pressure preparation cham-
ber in the temperature range 90°-360°C, for
30 min. The treatment temperatures refer to
the effective sample temperature monitored
by a thermocouple contacting the sample
surface. After being cooled gradually to
room temperature in an H; or propene
stream, the sample probe was pushed into
the analysis chamber. The latter was evacu-
ated to better than 107° Torr (1 Torr = 133.3
N m~2) during scans.

Treatments in the reacting mixture
C;Hg: O,:He (20:20:60 %vol) were per-
formed in a flow reactor in the temperature
range 200°-450°C for 30 min, using the
same apparatus as that employed for the
catalytic study (pulse technique) (6). The
analysis of the reaction products was per-
formed by gas chromatography. The pres-
ence of CO,, C;H,0, and H,0O was detected
starting from 350°C. After cooling to room
temperature in the mixture stream, the
specimens were sealed in a glass tube and
introduced into the XPS system without ex-
posure to the atmosphere.

The spectra were collected by the com-
puter in a sequential manner: C(1s), Fe(2p),
O(1s), V(2p), Mo(3d), and Bi(4f). Binding

TABLE 1

Bulk and Surface Composition of the Fresh Bi,_,s(.s-,Me(V,_Mo,_,Fe )O, Samples

Samples Bulk composition Surface composition

x y Me Bi v Mo Fe Bi v Mo Fe
0.45 0.00 0.85 0.55 0.45 — 1.04 0.37 0.66 —
0.60 0.00 0.80 0.40 0.60 — 0.84 0.34 0.93 —
0.45 0.15 Fe 0.85 0.55 0.30 0.30 0.70 0.32 0.56 0.33
0.60 0.15 Fe 0.80 0.40 0.45 0.30 0.87 0.30 0.68 0.25
0.45 0.15 Bi 1.00 0.55 0.30 0.15 1.10 0.43 0.44 0.20
0.60 0.20 Bi 1.00 0.40 0.40 0.20 1.17 0.29 0.51 0.20
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energies, BE, were referenced to O(ls) at
530.5 eV, since the C(1s) signal was barely
detectable. Data analysis procedure in-
volved the following steps ((a) — (d)) for all
the spectra: (a) smoothing; (b) inelastic
background removal by a nonlinear *‘S-
type’’ integral background profile; (c)
curve-fitting using a mixed Gaussian—
Lorentzian function by a least-squares
method (8), and a procedure whereby the
relative intensity and separation of the spin-
orbit doublets were always fixed, whereas
linewidths were either fixed at a constant
value or allowed to vary and thus optimized
by the program; and (d) determination of
peak areas by integration of the appropriate
peak, after steps (a) and (b) above. Surface
composition was obtained from peak area
ratios by using the elemental sensitivity fac-
tor method (9). This method takes into ac-
count some of the major factors influencing
the experimental sensitivity, i.e., the elec-
tron escape depth and the detection effi-
ciency of the energy analyzer. However,
other factors are neglected, mainly the
combined matrix and contamination effect
on the attenuation length. The sensitivity
factors were experimentally determined
with a spectrometer of transmission charac-
teristic equal to that used in this study and
the following values were used: O(ls) =
0.61; V(2p) = 2.4; Fe(2p) = 4.6; Bi4f) =
6.2; Mo(3d) = 2.5 (10). In addition to these
procedures a satellite subtraction, namely
Kay 4 components, was performed on the
spectra obtained with Mg radiation. This
subtraction was particularly important for
the O(1s)-V(2p) region with the contribu-
tion of the a3 and a4 spectral lines of oxygen
lying between the V(2ps,) and V(2py,2) pho-
toemission peaks.

RESULTS
A. Fresh Samples

Iron-free samples (x = 0.45,y = 0.00; x =
0.60, y = 0.00) and iron-containing sam-
ples, both with Me = Fe (x = 0.45, y =
0.15; x = 0.60, y = 0.15) and Me = Bi (x =
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0.45, y = 0.15; x = 0.60, y = 0.20) were
examined ‘‘as prepared.” The BE values
determined are in agreement with literature
data and consistent with the presence of
Mo(VI) Mo 3dsp, 232.5 eV), Bi(II) (Bi
4fin, 159.9 eV), V(V) (V 2p3p, 517.5eV) and
Fe(Ill) (Fe 2p;n, 711.6 eV) (11-14). The
iron-free samples exhibit FWHM values
significantly larger (about 0.7 e¢V) than the
corresponding values detected on the iron-
containing samples. The O(ls) feature
shows a low-intensity component at about 2
eV higher BE, due to the presence of
chemisorbed hydroxyl species. Fe(2p) sig-
nals were similar in shape and position for
all the iron-containing samples. Although
the iron is present in different site symme-
try in the Me = Fe series, namely, tetrahe-
dral and eight-coordinated, a distinction be-
tween the ions in the different sites is not
possible from the core level spectra, in line
with the preceding observations regarding
ions in tetrahedral and octahedral sites (14).
The surface composition was evaluated
from the I(Me)/I(O?") intensity ratios, as
described in the previous section. Table 1
compares the bulk composition obtained by
chemical analysis with the surface compo-
sition derived from XPS measurements. All
the samples show a surface enrichment in
molybdenum and a lower vanadium surface
concentration. Bismuth and iron surface
composition similar to that of the bulk is
found for all the samples. Moreover, the
iron-free sample (x = 0.45, y = 0.00) ex-
hibits a higher bismuth concentration than
that of the bulk.

B. Hydrogen Reduced Samples

The reduction behaviour of samples with
composition x = 0.45, y = 0.00; x = 0.45,
y =0.15Me = Fe); and x = 0.45, y = 0.15
(Me = Bi) was examined as a function of
temperature by successively increasing the
reduction temperature after each XPS mea-
surement.

With the iron-free sample no changes ei-
ther in BE or peak shape of bismuth, mo-
lybdenum, and vanadium are observed up
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FiG. 1. Diagram of the BE values obtained before
and after thermal treatment in flowing hydrogen in the
XPS preparation chamber: (A) x = 0.45, y = 0.00
(iron-free sample); (B) x = 0.45, y = 0.15 (Me = Fe);
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to 225°C (Fig. 1A). On exposing the sample
to hydrogen at 275°C, the V(2p) region
shows a new component at 516.5 eV, due to
V(IV) (13). For higher temperatures, 310°
and 360°C, partial reduction of Mo(VI) to
Mo(V) and Mo(1V), Bi(III) to Bi(0), and
V(V) to V(III) is observed (Fig. 1A). An
example of the V(2p), Mo(3d), and Bi(4f)
XPS spectra before and after H, treatment
is given in Fig. 2.

Fig. 1B summarizes the BE results for
the iron-containing samples of composition
Me = Fe. Starting from 275°C the V(2p)
region shows a broadening on the low BE
side of the spectrum. By curve-fitting the
V(2p) feature is resolved as two compo-
nents at 517.3 and 515.0 eV due to V(V) and
V(II), respectively. After treatments at
310°C, and more markedly at 360°C, the
Mo(3d) and Bi(4f) spectra indicate partial
reduction. The new peaks in the Mo(3d)
spectrum are ascribable to' Mo(V) and to
Mo(1V). The Bi(4f) component at 157.0 eV
is attributed to Bi metal. The Fe(2p) region,

Mo (3d) Bildt]

1565
BE/eV

1685 1655 1625 1595

F1G. 2. XPS spectra for the x = 0.45, y = 0.00 sample. V(2p): (a) fresh sample; (b) 275°C, H;; (c)
360°C, H,. Mo(3d): (a) fresh sample; (b) 310°C, H,; (c) 360°C, H,. Bi(4f): (a) fresh sample; (b) 310°C,
Hz; (c) 360°C, H,. The intensity is 10° cps except for that of bismuth which is 5 x 103 ¢ps.
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by contrast, is already modified after treat-
ment at 140°C for 30 min. By applying a
spectral subtraction routine, beside the
peak at 711.6 eV due to Fe(III), a new com-
ponent at 709.8 eV becomes evident (Fig. 3,
curve ¢). This feature, attributed to Fe(Il),
increases in intensity with the temperature.

The results obtained after H, treatments
on the Me = Bi sample, containing iron in
tetrahedral sites only, indicate constant BE
values of Bi, V, Mo, and Fe up to 275°C
(Fig. 1C). H, treatment at 310°C leads to
partial reduction of V(V) to V(III), Mo(VI)
to Mo(IV), and Bi(IlI) to Bi(0), which are
manifested by the appearance of new com-
ponents at 515.5, 229.9, and 156.8 eV, re-
spectively. After treatment at 360°C the
presence of Mo(V) is also detected. The
Fe(2p) spectra recorded on this sample,
both before and after H, treatments, were
broad and of low intensity (Fig. 4). Hence
the spectral subtraction procedure does not
show clearly the presence of reduced iron
species. However, a careful analysis of the
peak profile for samples treated at 275°C or
above shows a shoulder toward the low BE
side and the lack of the shake-up signal as-

a
b
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763 735 797, 719 77 705

BE/ev

Fi16. 3. Fe(2p) region, after smoothing, for the Me =
Fe sample: (a) fresh sample; (b) 140°C, Hy; (c) after
subtraction of spectrum (a) from spectrum (b).
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F1G. 4. Fe(2p) region, after smoothing, for the Me =
Bi sample: (a) fresh sample; (b) 275°C, H;; (c) 360°C,
H,.

sociated with Fe(III) species (Fig. 4, curve
b). The apparent lack of the satellite struc-
ture in the spectra can in fact result from a
superimposition of Fe(II)- and Fe(I1I)-asso-
ciated satellite intensity. Hydrogen treat-
ments performed by increasing the temper-
ature in steps and keeping it constant for a
specified time (30 min, 1 h, 2 h), on a more
concentrated iron sample (x = 0.60, y =
0.20) show that Fe(IIl) reduces after treat-
ment at 225°C for 30 min. By spectral sub-
traction a component at 709.8 eV is appar-
ent, the intensity of which increases as a
function of time. The extent of reduction of
molybdenum and vanadium, evaluated
from the ratio of the peak area of the re-
duced species to the total signal area, was
similar for all the samples and equal to 0.40
and 0.42, respectively. The iron-containing
samples, both Me = Fe and Me = Bi, show
a bismuth reducibility (0.35) higher than
that of the iron-free sample (0.15).

For all the samples, on increasing the re-
duction temperature, the O(ls) signals be-
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come composite with shoulders at 2 eV
higher BE due to hydroxyl groups formed
during the hydrogen treatments. In Fig. 5
the variation of the I(OH)/I(O,) intensity
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ratios as a function of the temperature is
shown. From Fig. 5 it can be seen that the
intensity ratios increase with increasing
temperature.

The variation of the surface composition,
as cation mole fraction, xm., plotted against
the H, treatment temperature, is reported
in Fig. 6. For the iron-free sample (y =
0.00), the reduction process occurs with a
surface enrichment in vanadium and a con-
comitant decrease in bismuth, the molybde-
num concentration being practically un-
changed. For the iron-containing sample,
Me = Fe, reduction leads to slight vana-
dium surface enrichment with a parallel de-
crease in bismuth and iron. The Me = Bi
samples become progressively enriched in
vanadium with a decrease in the bismuth
surface content. A slight enrichment is de-
tected for iron. Also for both Me = Fe and
Me = Bi samples the reduction treatments
do not affect the molybdenum surface con-
centration.

C. Propene Treatments

Figure 7 summarizes the BE values ob-
tained before and after propene treatments
in the temperature range 140-360°C on the
iron-free sample (x = 0.45, y = 0.00) (Fig.
7A) and on both the iron-containing sam-
ples Me = Fe (x = 0.45, y = 0.15) (Fig. 7B)
and Me = Bi (x = 0.60, y = 0.20) (Fig. 70).
At 140°C the Bi(4f) region indicates partial
reduction for all the samples investigated.
Bi(0) at 156.8 eV is present in the iron-free
and the iron-containing Me = Bi samples
(Fig. 7A and 7C). The Me = Fe sample
(Fig. 7B) shows at 140°C a component at
158.0 eV attributable to Bi(I) (I5). How-
ever, starting from 175°C a Bi(0) contribu-
tion is always present.

As for the V and Mo peaks in the iron-
free sample, the treatment at 275°C reveals
the incipient reduction of V(V) to V(III),
while Mo(V) appears at a higher tempera-
ture. For the iron-containing samples the
reduction of Mo(VI) to Mo(V) and V(V) to
V(II) is achieved only after treatment at
360°C for 30 min.
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FiG. 7. Diagram of the BE values before and after
propene treatment: (A) x = 0.45, y = 0.00; (B) x =
0.45,y = 0.15 (Me = Fe); (C) x = 0.60, y = 0.20 (Me =
Bi).

Fe(II) was clearly detected at 140°C by
spectral subtraction in the Me = Fe sample,
while no clear evidence of iron reduction
could be obtained on the Me = Bi speci-
men.

An evaluation of the extent of reduction
for each different element has been made
through the ratio of the reduced species
peak area to the total signal area of a given
element. The vanadium degree of reduction
is found to increase with the temperature
for the iron-free sample, while the iron-con-
taining specimens (both Me = Bi and Me =
Fe) show a very low reduction extent. For
all the samples the molybdenum reducibil-
ity is small, whereas the extent of reduction
of bismuth shows a different trend. For the
Me = Bi and Me = Fe samples the Bi(Q)/
Bi(tot) ratio is low and slightly increases
over the whole temperature range; for the
iron-free sample the bismuth degree of re-
duction is found to decrease by increasing

283

the temperature, reaching a constant value
from 275°C.

The O(ls) signal is also modified by the
propene treatments. Starting from 140°C
the O(1s) signals become composite, with a
component at about 2 eV higher BE. For all
the specimens, starting at 175°C, the O(ls)
signal becomes composite with a compo-
nent at about 2 ¢V higher BE, the intensity
of which increases in the temperature
ranges 225-310°C and then is removed
completely after treatment at 360°C. This
component can be assigned to surface hy-
droxyl groups or water formed during the
propene treatments, since this peak is not
accompanied by the appearance of addi-
tional C(1s) signals. The presence of oxy-
genated hydrocarbon species bonded to the
surface can therefore be neglected.

The variation of the surface composition,
as cation mole fraction, xue, is illustrated in
Fig. 8. The propene treatment leads to a
strong bismuth surface enrichment for all
the samples investigated, while the surface
concentration of all other elements remains
practically unchanged.

D. Propene + Oxygen
Mixture Treatments

The BE results obtained after treatment
with the flowing reacting mixture
CsHg: O, : He are summarized in Table 2. In
Table 2 the FWHM values are also listed
within parentheses.

For all the samples, the V(2p) signals
show a broadening in the temperature range
200-400°C, whereas in the Bi(4f) feature a
tail on the low BE side is present over the
whole temperature range examined. This
contribution can be assigned to bismuth
metal. The Mo(3d) region remains un-
changed for the iron-free (x = 0.60, y =
0.00) and iron-containing Me = Fe sample,
while the Me = Bi sample shows a broaden-
ing in the range 200-250°C. In addition, for
the Me = Fe specimen, by spectral subtrac-
tion, a small contribution due to Fe(Il) is
obtained in all the spectra. The O(ls) fea-
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ture remains unchanged with respect to the
untreated samples.

For all the specimens no variation in sur-
face composition has been detected after
propene + oxygen exposure in the whole
temperature range examined.

DISCUSSION

The experimental results show that dis-
tinct changes occur in the surface structure
both as regards the chemical state and the
surface composition.

The XRD analysis data obtained on
“fresh samples’’ show that all the samples
are monophasic with the scheelite tetrago-
nal structure (5). Nevertheless, the XPS
data indicate that the surface composition
is slightly different from that of the bulk
deduced by chemical analysis, as shown in
Table 1.

GAZZOLI ET AL.

On exposure of the samples to H,, differ-
ent reduction behaviour was observed de-
pending-on the chemical composition. The
iron-containing specimens are reduced at
low temperature. The reduction behaviour
of the surface is in agreement with a pre-
vious investigation performed by other
methods on the reduction of bismuth mo-
lybdovanadates with or without iron (7). In
particular, optical absorbance and magnetic
measurements in flowing hydrogen reveal
that on the samples with iron a significant
reduction takes-place from 250°C, whereas
for the samples without iron a comparable
degree of reduction is reached only at
400°C.

The reduction process occurs with the
formation and the retention of hydroxyl
groups at the catalyst surface (Fig. 5). This
behaviour is in agreement with TG experi-
ments (7) which show no significant weight
loss up to ~300 and ~400°C for iron-con-
taining and iron-free samples, respectively.
The reduction process also has a pro-
nounced influence on the surface composi-
tion. The decrease in surface bismuth con-
centration observed for all the samples
(Fig. 6) can be explained by the reduction of
Bi(III) to bismuth metal: the decrease in in-
tensity arises from the sintering of the re-
duced bismuth due to its low melting point
of 270°C. This view is supported by the de-
tection of large metal particles of bismuth
as revealed by XRD analysis performed on
samples treated at 360°C for 30 min in the
XPS apparatus.

The surface enrichment of vanadium
could be due to two distinct factors,
namely, uncovering of oxidic components
from sintering of metal bismuth and/or sur-
face migration of the suboxides formed dur-
ing reduction. The considerable change in
the surface composition found for the iron-
free and Me = Bi samples indicates that the
reduction is localized in the vicinity of the
surface layers. Moreover, the presence in
the Me = Fe samples of iron in both the
tetrahedral and eight-coordinated sites of
the scheelite structure, on the other hand,
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TABLE 2

BE and FWHM Values* for Bi;_,s0,5-,Me,(V;_ Mo, _,Fe,)O, Samples after Treatments
with the Reacting Mixture C;Hg + O; in He Stream

Sample T v 2173/2 Mo 3d5/2 Bi 4ﬁ/2 Fe 2173/2
0 (eV) (eV) (eV) (eV)
x = 0.60, y = 0.00 517.42.42) 232.5(2.26) 159.5(2.24) —
200 517.2(2.28) 232.6(2.32) 159.5(2.37) —
157.2¢
350 517.4(2.98) 232.5(2.44) 159.4(2.50) —
157.2¢
400 517.5(2.93) 232.5(2.36) 159.5(2.32) —
157.1%
450 517.5(2.39) 232.6(2.34) 159.6(2.22) —
157.1¢
x =045,y =0.15 517.5(1.70) 232.6(1.50) 159.4(1.70) 711.5
(Me = Fe) 200 517.5(2.20) 232.7(1.73) 159.7(1.63) 711.5
250 517.32.10) 232.5(1.73) 159.5(1.67) 711.6
156.9° 709.9°
350 517.3(2.10) 232.5(1.70) 159.5(1.70) 711.5
156.8° 709.8¢
400 517.4(2.10) 232.6(1.66) 159.7(1.70) 711.6
156.8* 709.9¢
x =045,y =0.15 517.5(1.70) 232.5(1.50) 159.6(1.70) 711.6
(Me = Bi) 200 517.5(2.34) ~ 232.5(2.11) 159.5(2.18) 711.5
250 517.3(2.20) 232.5(2.22) 159.5(1.80) 711.5
156.9¢
350 517.2(2.25) 232.5(1.80) 159.4(1.70) 711.5
156.9%
450 517.4(1.89) 232.5(1.70) 159.5(1.70) 711.4
156.8°

4 Within parentheses.
b Tail.
¢ From spectra subtraction.

stabilizes the catalyst against extensive var-
iation in the surface composition, probably
enhancing the mobility of the lattice oxygen
ions.

Analysis of the XPS spectra after pro-
pene treatment reveals two main features,
regardless of the sample composition: (i)
the reduction of bismuth at low tempera-
ture (Fig. 7), and (ii) an increase in its inten-
sity over the whole temperature range ex-
amined (Fig. 8). Bismuth is already reduced
to Bi(0) at 175°C for all the samples, while
for the Me = Fe specimen the intermediate
formation of lower bismuth oxide, such as
Bi(I), is also detected at 140°C. Reduction

of molybdenum and vanadium is achieved
only at high temperature. The bismuth sur-
face enrichment can be accounted for by
the preferential reactivity of bismuth with
ensuing migration to the surface and reduc-
tion. The preferential bismuth migration to
the surface is shown for the oxidized spe-
cies. In fact the relative ratios I(Bil)/[(0?-)
and I(Bi%/I(0?*") (Fig. 9) show that the
I(Bi)/7(0%") intensity ratios increase for
all the specimens investigated over the
whole temperature range examined, while
the I(Bi%/I(O?%") intensity ratios indicate a
low and slight increase in the metal forma-
tion for the Me = Fe and Me = Bi samples
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B /0%

Fi1G. 9. I(Bi)/I(O?") intensity ratios vs the treatment
temperature in flowing propene: (0J) x = 0.45, y =
0.00; (A) x = 0.45,y = 0.15 (Me = Fe); (O) x = 0.60,
y = 0.20 (Me = Bi).

and a higher metal formation in the range
140-225°C for the iron-free sample. It must
be recalled that this specimen shows a bis-
muth surface enrichment so that the high
degree of metal formation can be due to the
reduction of bismuth to metal present in the
outer layer, which aggregates at tempera-
tures higher than the bismuth melting point
(270°C).

The results obtained in the present inves-
tigation support the hypothesis of a strong
Bi*t—olefin bond, as proposed by Haber
(16) for catalysts like molybdates and tung-
states in the olefin oxidation reactions. It
has also been found that the propene reacts
directly with bismuth oxide to give Cg ole-
finic products, with reduction of Bi,O; to
metal (17).

The results obtained under conditions
leading to the catalytic oxidation of pro-
pene indicate that the surfaces of the cata-
lysts remain extensively oxidized and that
the surface compositions reflect those
found for the untreated samples. The XPS
line broadening observed for the vanadium

GAZZOLI ET AL.

and molybdenum by increasing the temper-
ature of sample treatment could be due to
incipient reduction of these species.

A final comment concerns the results of
the present investigation and the catalytic
properties for propene oxidation of the
same samples as reported in a previous
study (6). In both the x = 0.45 and the x =
0.60 series the catalytic behaviour was
found to depend on the compositional pa-
rameter y and on whether Me = Fe or Me =
Bi. Both rate constant and selectivity were
indeed higher for catalysts with y = 0 (pres-
ence of cation vacancies), and in most
cases for catalysts y = x/3, Me = Fe in
comparison with catalysts y = x/3, Me = Bi
(absence of cation vacancies in both sam-
ples). These differences cannot be ac-
counted for by a different reducibility of
surface Bi** ions, since a low BE compo-
nent of the Bi(4f) peak is present in all the
catalysts reduced with propene at a temper-
ature as low as 140°C (see Fig. 6).

A possible explanation can be found by
considering that the mobility of the oxygen
jons might be considerably different among
the samples examined. In fact in a recent
study Ueda et al. (18) pointed out that the
bulk diffusion of O?~ ions in scheelite cata-
lysts is indirectly related to the introduction
of disordered cation vacancies. The conse-
guent formation of distorted tetrahedra-
sharing oxygen ions would make the diffu-
sion of oxygen ions easier between bulk and
surface. Samples with y = 0 should, there-
fore, possess higher mobility for the anions,
while the samples with y = x/3 should have
lower O?~ mobility, since no cation vacan-
cies are present. Moreover, a study of the
redox properties of these catalysts using
pulses of 1-butene and pulses of oxygen
(19) clearly indicated that in the samples
with y = x/3, Me = Fe bulk oxygen diffu-
sion is faster than in the samples with y =
x/3, Me = Bi. It can therefore be suggested
that the reduction actually involves differ-
ent depths for the various catalysts. The
easier the diffusion of O~ ions from the
bulk to the surface, the higher the number
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of subsurface layers involved. XPS cannot
discriminate whether a minimum depth has
been involved in the reduction in every
case, but the catalytic properties may be
quite different, since it is generally ac-
cepted that a high mobility of oxygen ions
in these catalytic systems is required in or-
der to restore the adsorption site and to
maintain the overall catalytic process.
Moreover, the high mobility of the lattice
oxygen ions can also be responsible for the
apparent stability of these and similar sys-
tems under catalytic conditions.
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