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Bi,Mo,O,l (a), Bi,Mo,O,(p), Bi,MoOB (y), and mixtures of a and y  were investigated as to their 
activity for the oxidative dehydrogenation of but-1-ene to butadiene. Pure y  was found to be almost 
inactive, a was only moderately active, but p and all mixtures of (Y and y  showed considerable and 
approximately equal activity. XPS measurements showed the surface of (Y, p, and y  to have similar 
Bi/Mo ratios to the bulk. However, for mixtures of a and y  with average ratios Z/3 < Bi/Mo < 2/l, 
the Bi/Mo ratio at the surface was found to be approximately equal to 1, decreasing steeply at the 
MO-rich side and increasing even more steeply at the Bi-rich edge. The catalytic activity therefore 
seems to be connected with a surface layer with a Bi/Mo ratio near 1. Adsorption studies on 
inactive and active catalysts near the Bi/Mo = 2 edge show that B-type adsorption (weak olefin 
adsorption) is already found on inactive catalyst (stoichiometric y). A-Type adsorption (strong 
butadiene adsorption) only becomes observable when a considerable amount of excess MOO, is 
introduced; the amounts adsorbed increase almost linearly with the increase in activity of the 
catalyst. In infrared and Raman spectroscopic studies, the theoretical positions for the bands 
related to MO-O vibrations were determined, using atomic coordinates from the literature and 
stretching force constants obtained by the application of the Cotton-Wing relation and finally 
computing the position via a modified Schachtschneider program. The information thus acquired 
for compounds with known structure was used to analyze the spectra of Bi-molybdates with 
unknown structure. The results indicate that the active nonstoichiometric catalysts are character- 
ized by the presence of a surface layer on y. The new bands formed in catalysts containing small 
amounts of excess Moos were found to be similar to those of p. It is concluded that the surface 
layer has a structure closely related to that of p. A model of the surface of an active catalyst is 
given. 

INTRODUCTION 

The catalytic activity of Bi-molybdates 
in the oxidation of olefins has been studied 
by many investigators (14). Only binary 
oxides with an atomic ratio in the range 2/3 
< Bi/Mo < 2/l were found to be active 
while outside this range there is hardly any 
activity. The Bi,Mo,O,, (o), Bi,Mo,O, (p), 
and B&Moo, (7) are present in catalysts 
within this range of composition. Opinions 
vary as to which compound is the active 
catalyst. Kolchin et al. (5) observed cy and 
p to have appreciable activity for both 
oxidation and ammoxidation of propene, 
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while y displayed only low activity and 
poor selectivity. On the other hand, Batist 
et al. (6) reported y to be comparable in 
activity to p for the oxidation of butene to 
butadiene, while (Y was only moderately 
active. Since the three reactions are consid- 
ered to proceed by similar mechanisms, the 
conflicting data make it difficult to connect 
the structure of active sites at the surface 
unambiguously with a special bulk struc- 
ture. 

The present contribution is an attempt to 
obtain a better insight into this problem by 
the application of XPS, ir, and Raman 
spectroscopy. 

EXPERIMENTAL 

Catalyst preparation. B&Moo, (y) and 
Bi,Mo,O,, (cr) were prepared according to a 
method proposed by Batist ef al. (6). Solid 
basic bismuth nitrate BiO(NOJ and molyb- 
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die acid H,MoO, were powdered, slurried 
in water, and boiled under stirring for 16 hr. 
Thereafter, the solid materials were filtered 
and dried. The initial ratio of Bi to MO was 
2 : 1 for the synthesis of y and 1: 5 for (Y. In 
order to remove the excess of MOO, for the 
latter case, the calcined sample was washed 
with a diluted ammonia solution. Bi,Mo,O, 
(/3) was prepared by coprecipitation from 
bismuth nitrate Bi(NO& . 5H,O and am- 
monium hepta-molybdate (NHJ,Mo,02, . 
4Hz0, as described by Batist et al. (6). The 
samples of the various oxides were calcined 
at 500°C for 4 hr. The oxides will be re- 
ferred to as compounds (Y, /I, and y as a 
convenient short notation. 

Catalysts with other atomic ratios of Bi 
and MO, 0.58 5 Bi/Mo 5 2.04, were also 
prepared, using the same method as for the 
compound y. In this paper, they will be 
called “multiphase” samples, although X- 
ray analysis sometimes showed only the 
presence of one compound. The atomic 
ratio of Bi to MO in these samples was 
determined by means of atomic absorption 
spectrometric analysis. 

We also prepared some catalysts by im- 
pregnating stoichiometric B&Moo, (y) with 
MOO, or B&O3 (‘ ‘impregnated” samples). 
Previously prepared y samples were slur- 
ried in a solution of H,MoO, or Bi(NOJ, . 
5H,O of the appropriate concentration. Af- 
ter evaporation under stirring, the solids 
were calcined at 520°C for 2 hr. 

X-Ray analysis showed only the ex- 
pected phase in the a and y compounds. 
For compound p, small amounts of a and y 
were present. In the multiphase samples, 
only a mixture of compounds CY and y were 
found, without compound /3 being observ- 
able. Samples near 2/l, with compositions 
situated between an excess of 4% Bi to an 
excess of 8% MO, showed only the lines of 
the y-phase. 

The surface areas of the various samples 
are plotted versus the atomic ratio of 
Bi/Mo in Fig. 1. Densities also shown in 
this figure are determined pycnometrically 
with carbon tetrachloride. The values of the 

densities of the three compounds are close 
to the densities calculated from the unit cell 
dimension of the crystal structure. 

Obs Calcd 

Bi2Mo06 (Y) 7.8 8.0 (7) 
Bi,Moz09 (P) 6.5 6.6 (8) 
Bi,Mo,O,, (o() 6.0 6.2 (9) 

It is noteworthy that multiphase samples 
usually had higher surface areas and lower 
densities than the pure compounds. 

Catalyst activity measurements. The cat- 
alytic activity of the various samples for the 
oxidation of but-I-ene to butadiene was 
determined for a range of temperatures 
from 350°C upwards. The apparatus, proce- 
dure, gas chromatographic analysis, and 
the method of calculation were given earlier 
by Batist et al. (10). In each experiment 
sample weights of unit surface area were 
used, the gas flows were 20 cm3 min-’ of 
butene and 100 cm3 min-’ of artificial air. 

But-I-ene and butadiene adsorption 
measurements. A conventional vacuum ap- 
paratus equipped with a quartz adsorption 
cell was used for isotherm measurements. 
The measurements were performed over a 
range of pressures from lop3 to 10 Torr and 
a range of temperatures from 0 to 200°C. 
The adsorption method was described else- 
where (II). 

XPS measurements. X-Ray photoelec- 
tron spectroscopy was performed using an 

FIG. 1. Surface areas and bulk densities of various 
“multiphase” samples and “compounds” of Bi-mo- 
lybdates as a function of composition. 



154 MATSUURA, SCHUT, AND HIRAKAWA 

AEI ES 200 spectrometer with MgKa. The 
power supply was run at 12 kV and 15 mA, 
the spectra being collected with a PPDS 
computer and stored in a 32 K disc. The 
powdered samples were mounted on adhe- 
sive tape. 

Infrared and raman spectra measure- 
ments. The ir spectra of samples were 
recorded with a Grubb Parsons spectrome- 
ter MK-3 in the range of 1250-400 cm-’ and 
a Hitachi model EP l-92 in the range of 
700-200 cm-l, using the conventional KBr 
disk techniques. The Raman spectra of 
powders from 1250 to 0 cm-l were obtained 
using a Varian Carey-82 with an Ar laser 
(5145 A). Samples were either measured on 
a rotating disk or in glass capillary tubes; no 
essential difference was observed between 
spectra observed by the two methods. 

EXPERIMENTAL RESULTS 

Catalytic activity measurements. Figure 
2 shows the activities of the catalysts. For 
all catalysts, the selectivity to butadiene 
was found to be higher than 95% over the 
whole temperature range. The compound y 
was found to be only weakly active. Multi- 
phase samples around 2/l with a small 
excess of MO are fully active, while those 
with a small excess of Bi are entirely inac- 
tive. The decline at the 2/l edge appears to 
be very sharp. The compound (Y is only 
moderately active, but a slight excess of Bi 
brings the sample to an activity level com- 

FIG. 2. Conversion of but-1-ene (per unit surface 
area) as a function of composition for “multiphase” 
samples and “compounds” of Bi-molybdates. 
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FIG. 3. Conversion of but-I-ene (per unit surface 
area at 440°C) as a function of addition of MOO, or 
B&O3 on stoichiometric Bi,MoO, (impregnated sam- 
ples). 

parable to that of the compound j3 and all 
samples with 0.8 I Bi/Mo I 1.92 show 
similar activities at temperatures higher 
than 440°C. However, at temperatures 
lower than 41O“C, the activities decrease 
with decreasing of Bi/Mo ratio. 

The activities of the impregnated samples 
at 440°C are shown in Fig. 3. The results 
show equally spectacular changes as found 
with the multiphase samples in the corre- 
sponding range. Addition of 4% MOO, 
(atomic percent with respect to MO, i.e., 
Bi,Mo06 + Bi2M01.0406.12) causes an activ- 
ity increase by a factor of at least 10. Since, 
in impregnation, the excess MOO, may be 
assumed to be deposited at the surface, it 
might be surmised that the multiphase sam- 
ples also have an excess MO at the surface. 

Adsorption measurements. The adsorp- 
tion of but-1-ene over all “impregnated” 
samples is found to be always weak, fast, 
and reversible. A small excess Bi in the 2/l 
surface shows an associative chemisorption 
with a rather weak heat of adsorption at 25 
kJ mole-‘, similar to that reported earlier 
by one of us on B&O3 (II). Stoichiometric 
Bi,MoOG (-y) has a different type of adsorp- 
tion with a higher heat of adsorption at 46 
kJ mole-’ and the characteristics of a disso- 
ciative adsorption. This adsorption is 
closely similar to that described earlier by 
one of us as B-type adsorption (II). Addi- 
tion of MoOB shows no change of the ad- 
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TABLE 1 

Adsorption Data of But- I-ene and Butadiene on Impregnated Samples 

Catalyst Composition Type of V, 
isotherm (cm3mm’) 

Log P”” 

(mm Hg) 
Heat of 

adsorption Q 
(kJ mol-‘) 

B&Moo6 ‘3-h 
‘3% 

+ 1% B&O, ‘3-b 
W-b 

+ 1% MOO, C& 
CA% 

+ 2% Moos U-b 
WLs 

+ 4% MOO, Cd-b 
‘3, 

DS(w)O 0.141 
DSW) 0.138 

Strong ads. no obs. 
SS(w)b 0.106 
Ww) 0.108 

Strong ads. no obs. 
J=(w) 0.133 
DS(w) 0.135 

Strong ads. 0.013 
DS(w) 0.130 
Ww) 0.130 

Strong ads. 0.023 
JWw) 0.116 
Ww) 0.118 

Strong ads. 0.032 

8.9 42.2 
6.6 41.9 

4.1 25.2 
4.7 23.1 

9.2 46.2 
6.6 42.1 

9.5 46.2 
6.9 42.0 

9.5 46.2 
6.9 41.6 

a DS, dual-site adsorption. 
* SS, single-site adsorption. 

sorption parameters but decreases the sur- S is the spectrometer factor, and A is the 
face concentration. The activated and mean free path. Assuming that the ratio of 
strong desorption of butadiene, A-type ad- the S factor is not dependent on the energy 
sorption, described in the earlier paper 
(11), is not present on Bi-enriched or stoi- 000 / 400 200 ot av 
chiometric Bi,MoO, (7). It only becomes 
observable when a considerable amount of 
excess MOO, is introduced. The adsorption 
parameters for the Langmuir-Hinshelwood 
isotherm are given in Table 1. 

XPS measurements. Figure 4 shows the 
XPS spectra of compounds (Y, 6, and y and 
of two multiphase samples near the 2/l 
edge but with a slight excess of MO or Bi. 
To calculate the Bi/Mo atomic ratio at the 
surface we used the method proposed by 
Carter et al. (12) who applied the photo- 
electron cross sections of Scofield (13) for 
AlKa or MgKo radiation. The relative in- 
tensity N for two different photoelectron 
peaks from the same samples is given as 

N/N2 = ~lnl~,Sll~2n2h%, (1) 

where (+ is the photoelectron cross section 600 400 200 ot BY 

for a given subshell of a given element, n is FIG. 4. XPS spectra of “compound” Bi-molybdates 
the concentration of atoms per unit volume, and “multiphase” samples near the 2/l edge. 
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and that the mean free paths can be approx- 
imately fitted by the equation Aa E*/*, we 
arrive (for n, = nJ at the following relation: 

NJN, = crl(hv - Es3 1’2/ 

cr2(hv - E&1’2, (2) 

where Es is the energy of the level under 
investigation and hv is the energy of the. 
radiation quanta. 

The value of the relative intensity ratio of 
NBi/NM, is found to be 2.5 from Eq. (2), 
taking the value of mBi,4f(7/z) and oM0,3d(S/2) to 
be respectively 14.0 and 5.77 as calculated 
by Scofkld (W, and &,Bl,4f(7,2) and 
E B,Mo,3d(5,2j as equal to respectively 159 and 
232 eV. 

Comparing the Bi/Mo ratios thus pre- 
dicted with the experimental values for the 
compounds o, p, and y, there is excellent 
agreement between bulk compositions and 
surface compositions, as shown in Fig. 5. 
However, for all multiphase samples the 
Bi/Mo ratio in the catalytically active range 
is found to be near 1, similar to the value of 
the compound /3 (see Fig. 5). 

Infrared and raman spectra. The ir bands 
of compound y and 2/l with excess MOO, 
are shown in Fig. 6a. The band positions of 
the stoichiometric compound are similar to 
those given in the literature (14). Above 600 
cm-l, the “excess MOO,” samples exhibit 
a new set of weak bands superimposed 
upon the existing ones. There is a sharp, 
weak band at 832 cm-‘, while the main 735- 

FIG. 5. Atomic ratio of Bi/Mo at surface from XPS 
analysis as a function of bulk composition for “multi- 
phase” samples and “compound” Bi-molybdates. 

cm-l band broadens considerably with a 
shoulder at 760 cm-’ as shown in Fig. 7. 

The Raman spectrum of compound y 
(Fig. 6a) shows three bands at 848,799, and 
715 cm-l, of which the second is strong. 
Between 200 and 400 cm-l, there are two 
moderately strong bands at 325 and 272 
cm-l with some smaller bands. The range 
of 400 to 600 cm-r is practically empty. 
Excess Moo3 causes the appearance of 
new sharp bands at 886 cm-l and two weak 
shoulders at 809 and 782 cm-‘. Figure 7 
shows increasing intensity of these new 
bands with addition of MOO, in Bi,MoOG 
(Y). 

Compound y heated at 645°C (X-ray dia- 
gram shows the Blasse phase, y’) are more 
complicated than those of koechlinite (y) 
over the whole range: there are at least nine 
bands in the ir and Raman spectra above 
600 cm-l (see Fig. 6b). 

The spectra of compound /3 are shown in 
Fig. 6c. The ir spectra show a sharp band at 
890 cm-l and a much stronger and broader 
band between 650 and 850 cm-l; it is also 
possible to observe shoulders (840, 710 
cm-l) and peaks (800, 770, 740 cm-l). The 
Raman spectra show the presence of two 
strong bands (892, 793 cm-l) with two 
weaker bands at 845 and 715 cm-l. 

The band positions of the complicated 
spectrum for compound Q! are similar to 
those in the literature (15). The positions of 
ir and Raman bands observed for the com- 
pounds are summarized in Table 2. 

A short survey of the results for other 
compounds follows below (band positions 
in cm-‘): 
MOO, : 990(s), 875(s), 815(w), 64O(sh), 

620(s), 51O(vw), 485(vw), 375(s), 
358(vw), 35O(vw), 310(s), 305(sh), 
280(sh), 24O(sh). 

Biz03: no ir bands above 600 cm-‘; below 
600 cm-’ broad bands on strong back- 
ground bands at 545, 510, 450(sh), 430, 
340, and 270. 

BiO(N03): band in ir at 1380 (s), 835, and 
820(w) presumably NOB- (vg, v2, and v4), 
540(s,b), 380(s,b), and 275(s,b). 
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FIG. 6. Infrared and Raman spectra for Bi-molybdates; (a) Bi,MoO, (y) (b) B&Moo, (f), (c) 
Bi,Mo,O, (/3), and (d) Bi2M03012 (a). 

DISCUSSION by Van den Elzen and Rieck (1648). Two 
structures, viz., those of Bi,Mo06 (r) and 

Interpretation of ir and raman spectra. Bi,Mo,O,, ((Y), are now known with consid- 
The crystal structures of the bismuth mo- erable accuracy from X-ray diffraction 
lybdates have been studied with precision analysis. An “outline model” was given for 
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TABLE 2 

Infrared and Raman Spectra of Bismuth Molybdates 

Bi2Mo06 (Y) Bi,MoOs + 4% MOO, 
(extra bands) 

Bi,MoOs (y’) B&Mod& 03) Bi&lo& (a) 

ir Raman ir Raman ir Raman ir Raman ir Raman 

842, 
798, 
735,., 
6@L 

570, 

450, 

408, 
39&h 
352, 
304, 
287, 
277,, 
268,.,, 
2485, 

8%1 
799100 832,,, 
71515 

760,s 
710, 

88616 89&h 
88OSh 

8’39,s 868,, 
782,, 

825, 
810,, 
780, 

74% 
710, 
645, 
562, 
527, 
467, 

892100 
88330 
8% 
85123 
82&, 

787,s 
77029 

3999 
3751, 
3591, 
3152, 
303*, 
2581, 
226, 
206, 

89% 
W, 
800, 
770, 
74% 
7lOSll 

5oosh 

473, 
446, 

8%,0 
84&o 
79360 

7151, 

948, 
931, 
9al 
8% 
847, 
830, 
715, 
670, 

95510 
91930 
897,~ 
8%, 
8% 
‘31L3 

6% 

545 shifted 
from 570 

570, 
550,h 
470, 
@An 
415Sh 
392, 
350, 
314, 
303 VW 
276w 
=L,, 

4% 
399, 39% 
354, 3% 
3% 
29% 
2781, 

391, 
380, 
335, 
300, 
290,~ 

409, 
392, 
362, 
32L 
275, 
266, 

3601, 
3179 
3023 
282* 
2% 

356,s 
3231e 
2% 
2% 
1802 

194, 

TABLE 3 

Crystallographic Data for Bismuth Molybdates 

B&Moos 
Koechlinite (y) 

Blasse ( y’) Bi2M0209 (13 BiNo,O,, (4 

Crystal system 
Monoclinic 
Space group 
Coordination 

of MoG+ 

Orthorhombic 

Pea 2, 
Distorted 

octahedral 

Orthorhombic Orthorhombic Orthorhombic 

p 21/c 
Tetrahedral 

p WC 
Trigonal- 

bipyramidal 
or tetrahedral 

p 21/c 
Trigonal- 

bipyramidal 
or distorted 
tetrahedral 

MO-O 
bond length (A) 

Bi,MoO, (9 
Y- 
MO-O, 1.86 

-0, 2.24 
-0, 1.76 
-OS 2.24 
-0, 1.75 
-0, 1.93 

Bi2M03012 (4 
aI- 
MO,-0, 1.69 

-0, 1.72 
-02 1.85 
-O,,, 1.92 
-0,o 2.25 

%- %3- 
MO*-0, 1.72 MogOIZ 1.68 

-0, 1.73 -01, 1.78 
-0, 1.86 -0, 1.86 
-03 1.89 -0, 1.87 
-0, 2.13 -0, 2.30 
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FIG. 7. Infrared and Raman spectra for “impreg- 
nated” samples; (a) stoichiometric Bi,Mo06 (y), (b) 1 
atom% of excess MOO,, (c) 2 atom%, and (d) 4 
atom%. Dashed line indicates Bi,Mo,O, (p). 

Bi,Mo,Og (p) for which only powder dia- 
grams could be obtained. Crystallographic 
data are given in Table 3. 

A common feature of all these structures 
is the existence of MOO,& and BiO,n poly- 
gons with several, but not necessarily all, 
oxygen shared. An extensive literature con- 
cerns the spectra on MOO,,, with n varying 
between 4 and 6. It is usually assumed that 
n = 6 (octahedral) for Bi,MoOG ($ and n = 
5 (trigonal bipyramidal) for Bi2M03012 (ol). 
However, the inspection of the structures 
reveals that, for both cases, there are two 
“short” bonds and two “intermediate” 
bonds, with in addition, for compound y, 
two “long” bonds, and for compound (Y, 
one “long” bond. The long bonds in both 
cases refer to an oxygen bonded with a 
“short” bond to a neighboring MO (see 
Table 3). It therefore appears appropriate 
to assume that all MO-oxygen polygons 
encountered here are derived from tetrahe- 
dral MOO,. The particular type of distortion 
can then be considered characteristic for 
the crystal structure. The structure of the 
“surface layer”, of different form from that 
of the bulk, may, if circumstances permit, 

be guessed from the MOO, spectra. A more 
extensive analysis of the spectra from com- 
pounds with known structure is thus neces- 
sary. 

A tetrahedral group (T& has four vibra- 
tional modes, v,(A), v,(E), v,(FJ, and 
vq(F2). All are Raman active, while only 
the triply degenerative modes are ir active. 
A complete lifting of the degeneracies 
would give a system of nine bands. Since 
vi(A) and v3(FJ are intrinsically connected 
with stretching and v,(E) and v~(F’J with 
bending modes, it may be expected that 
every MO-O, configuration produces two 
groups of bands, positioned at different 
parts of the spectrum. 

Busey and Keller (19) give information 
about the position of the two groups. Pow- 
dered Na,Mo04 has four Raman bands at 
892(vs), 808(s), 381(m), and 303(m) cm-‘, 
while there are two ir bands at 838 and 325 
cm-‘. This indicates that the stretching 
modes are around 800 cm-’ and the bending 
modes between 300 and 400 cm-‘. Only the 
former are therefore useful to us, since the 
bending mode range for our system is prob- 
ably overlapped by Bi-0 bands. Somewhat 
closer to our system is PbMoO, with the 
scheelite structure, and all MO-O bands 
equal to 1.772 A (20). Tarte and Liegeois- 
Duyckaerts (21) found four ir bands (786, 
374, 307, 242 cm-‘) and six Raman bands 
(869, 766,743, 357, 350, and 317 cm-‘). It is 
noteworthy that, contrary to Bi-molyb- 
dates, the 400 to 600-cm-’ range is empty, 
in good agreement with our assumption that 
bands in this range belong to Bi-0 vibra- 
tions. It seems clear that there is sufficient 
evidence to accept that bands around 550 
cm;’ belong to this category. These bands 
are observable in BiO(NOJ and in BiOX 
with X being Cl, Br, or I(22). Also, Hulett 
and Thornton (23) investigated Bi tropono- 
late complexes in which the troponolate 
anion (Tr) is a bidendate ligand. They found 
for BiTr,Cl bands at 514 and 580 cm-’ while 
BiTr, has a band at 570 cm-‘. 

According to the X-ray structure, com- 
pound y has only one type of MOO, unit (7) 
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and there should be only four bands around 
800 cm-l. This is what is observed, al- 
though it is somewhat difficult to locate the 
position of the fourth band that could be 
either the very weak 600 cm-’ or the some- 
what stronger 570 cm-’ band. In agreement 
with the presence of three different MOO, 
groups (CQ, 02, and aJ, the higher range of 
the compound (Y spectra are very compli- 
cated with at least nine bands. A more 
extensive analysis is therefore necessary 
before the spectra can be completely ex- 
plained. 

In order to do so, we used the G-F matrix 
method. Atomic coordinates, and bond 
lengths were derived from the X-ray struc- 
tural analysis of Van den Elzen and Rieck 
(16, 17) (see Table 3). Stretching force con- 
stants were derived from the Cotton-Wing 
relation (24) between MO-O distance and 
stretching force constants. Stretching- 
stretching interaction constants, bending 
force constants, and bending-bending in- 
teraction constants were taken equal to 
those of tetrahedral MOO, (0.55, 0.35, and 
0.02 m dyn/A (25)). The computer program 

used was written by Bril and Vogel (26, 27) 
and is an extension of the Schachtschneider 
NCA program. Initial results were promis- 
ing enough to warrant further refinement by 
slightly modifying the Cotton-Wing rela- 
tion. The final results are given in Table 4, 
where they are confronted with the experi- 
mental results. There is a satisfactory 
agreement between predicted and observed 
band positions. Also, they clearly show 
that the range 600-400 cm-’ is now empty, 
the bending modes being situated in the 
range 375-200 cm-‘. The various experi- 
mentally observed bands can now be prop- 
erly assigned to the various MOO, groups, 
as indicated in Table 4. 

The agreement between prediction based 
on the tetrahedral model and experiment 
shows conclusively that the MOO, model is 
entirely sufficient to describe the spectra. It 
is therefore doubtful whether evidence 
from ir and Raman spectroscopy can be 
used to make a distinction between “octa- 
hedral” or “tetrahedral” surrounding of 
the molybdenum. It does, however, allow 
the recognition of a greater or lesser degree 

TABLE 4 

Calculated Band Positions for MOO, of Bi,MoOG (y) and Bi,Mo,O,, (a) and Comparisons with Observed 
Bands (cm-l) 

MOO, (y) of Bi,MoO, (y) BiNo,O,, (a) 

Calculated MoOda,) MOO, (4 MoO,(d 

Observed Observed 

ir Raman Calculated ir Raman 

Assignment 

865 842 
780 798 
693 735 
613 600 

376 
355 
337 
287 
196 

375 
354 
304 
287 

848 
799 
71.5 

399 
354 
326 
293 
194 

933 948 
921 931 

886 906 
849 860 

822 847 
796 830 

703 690 690 715 
651 665 680 670 
345 343 341 350 
336 340 334 314 
335 336 330 303 
295 292 297 276 
295 249 263 262 

955 
919 
897 
853 
836 
811 

654 
360 
317 
302 
282 
248 
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of distortion of the pseudotetrahedral 
configuration. For instance, taking the ac- 
cepted structure of y and (Y, as determined 
by X-ray diffraction, one can predict that 
the former should have a Mo-0-Bi mode 
of vibration near 600 cm-’ but not the 
latter. Since both have a 570-cm-’ band 
but only the former has a band (very weak), 
only this latter band should be attributed to 
the MOO., stretching mode. The quantita- 
tive agreement (theory, 613; experiment, 
600 cm-‘) confirms this assignment. 

Let us now discuss the spectra of Bi- 
molybdates for which the structure is only 
approximately known (y’, /3). For the y’- 
Bi,MoO,, Blasse (28) considers its struc- 
ture to be similar to that of koechlinite (y) 
except for the arrangement in the MOO,- 
layer. He suggests this to consist of sepa- 
rate Moo,-groups. The complexity of the 
spectra of y’ indicates the presence of at 
least two, but possibly three, different 
MOO, configurations. The prediction of 
Blasse (28) that the structure is similar to 
that of koechlinite (y) is therefore not en- 
tirely acceptable. In fact, the y’-spectrum is 
more similar, although not identical, to that 
of Bi,Mo,O,z (a). 

Van den Elzen and Rieck (18), in their 
outline of a model for the Bi,Mo,Og (/3) 
structure, consider all Moo,-units as equiv- 
alent; we showed above that there might be 
two different types of MOO,, although the 
extent to which they are different cannot be 
specified. Supposing, according to their 
model, that compound p contains building 
elements such as are present in compound 
y and (Y, then the two MOO, structures 
might resemble Y-MOO, and one of the CY- 
MOO, units. Indeed, three of the four y- 
MOO, bands (840, 790, and 740 cm-‘) are 
observable in the spectra of & while the 
fourth band at 600 cm-’ is very weak. So 
we propose that there is a y-set similar to 
the pi-set. It is also remarkable that not 
only the position but also the ir and Raman 
intensities of the genuine r-set and that 
assumed in the P,-set agree, the 790 to 800- 
cm-’ band being strong in Raman but weak 

in ir while the 735cm-’ band is strong in ir 
with no Raman band observable at this 
point. The remaining bands, 890(R), 770(ir), 
and 715(ir) with 840-cm-’ (R, ir) band pre- 
sumed to make up the &-set, have some 
similarity with the cy,-set in Bi,Mo,O,, ((u) 
but the 770-cm-’ band. is absent in the 
compound (Y. 

Our proposal is similar to that of Gry- 
zbowska et al. (29) and of Mitchell and 
Trifiro (30), except for the fact that they 
consider Bi,Mo,Og (p) to have tetrahedral 
and octahedral MO which we choose to be 
more specific by insisting that the tetrahe- 
dral surrounding is actually a distorted tri- 
gonal bipyramidal arrangement (a,-set) and 
“octahedral” MO is strongly distorted, sim- 
ilar to that of the y-set. 

We now compare the positions of incipi- 
ent bands formed by the introduction of 
small amounts of MOO, in B&Moo, (y) with 
those of the bands of the compounds. We 
start with the set of extra bands in the range 
above 600 cm-’ (see Table 2 and Fig. 7, 
where the ir and Raman bands of Bi,Mo,O, 
(p) are confronted with those of the impreg- 
nated samples). It is obvious that there is 
no correspondence with the band positions 
for the Moo,-set. There is, however, a 
distinct similarity with the &set. Two 
strong bands for this compound, the strong 
892-o-l Raman band and the massive 770- 
cm-’ ir band, coincide with a tiny Raman 
peak at 886 cm-’ and a rather strong shoul- 
der around 760 cm-’ (ir) on the y-band. A 
small but distinct shoulder at 832 cm-’ (ir) 
in the extra set was not traced in the p- 
spectrum, but could have been overlooked 
because it fused with the 840-cm-’ band (y 
= PJ. If so, the complete &set would be 
890-892, 832, 770, 710-715, and 473 cm-‘. 
The extra set could not be derived from 
Bi,Mo,O,z, because the cr, and (Ye bands are 
completely lacking and (Y*, although slightly 
resembling p2, is definitely different as re- 
marked before. We therefore conclude that 
the incipient set of bands is that of a surface 
layer with a structure closely resembling 
that of BizMoz09; the set is very similar to 
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pZ while p1 = y remains hidden by the more 
massive Bi,MoO, spectrum. 

Next we turn to the change occurring in 
the Bi,MoO, spectra below 600 cm-’ (see 
Fig. 6a and Table 2). These spectra are 
different in character from those considered 
above. Above 600 cm-‘, we find the forma- 
tion of new bands of low intensity next to 
the more massive bands of the mother 
compound. We also observe bands already 
present in the B&Moo, spectra that shift 
positions and become more intense. The 
general impression is that of an increase in 
regularity. While the new bands above 600 
cm-’ could be assigned to surface layers, 
the changes below 600 cm-’ are undoubt- 
edly connected with changes in the bulk, 
certainly an unusual phenomenon consider- 
ing the small amounts of MOO, incorpo- 
rated. Even more surprising is that incorpo- 
ration of more substantial amounts, up to 
30%, does not lead to further changes. 

The changes occur in two regions, viz.: 
(i) Betwen 570 and 500 cm-l, i.e., where 

the Bi-0 bands are supposedly situated. 
The weak 570-cm-’ band moves to 545 
cm-’ and becomes more intense. Hulett 
and Thornton (23) observe similar shifts in 
passing from BiTr,+Cl- to BiTr, (from 514 
to 495 cm-‘). They ascribe this to an in- 
crease in coordination number from 4 to 6. 

(ii) In the MO-O bending vibration range 
at 400-200 cm-‘, a rather broad and irregu- 
lar band in the ir below 410 cm-’ grows to a 
system of three equally intense bands at 
410, 390, and 358 cm-‘. Similarly, in the 
Raman we now find three quite distinct 
bands at 354, 326, and 295 cm-‘. 

The following tentative explanation is 
offered to account for the phenomena. We 
start from the assumption that samples of 
stoichiometric Bi,MoO, contain defects of 
a type in which MO and Bi are in the wrong 
cation positions. Interdiffusion of cations 
would eliminate the defects, but this could 
be supposed a difficult process, since there 
are no cation vacancies. However, once 
vacancies are produced by the incorpora- 
tion of small amounts of MO, the defect 

lattice can relax, because cations can now 
migrate. In other words, the spectra pro- 
duced after MO incorporation are those that 
actually belong to the defect-free Bi,MoO,. 
The ir group might be related to the vq(FIJ 
bending mode of Oh (only infrared active) 
and the Raman group to vg(F2J. 

Introduction of cation vacancies by MO 
incorporation can be supposed to “cata- 
lyze” other phase transitions. We found 
indeed that the koechlinite to Blasse phase 
transition occurs at temperatures apprecia- 
bly lower for B&Moo, + small amounts of 
MOO, (580°C) than for stoichiometric 
Bi,MoO, (640°C). 

Surface structure and catalytic activity. 
The combined evidence of XPS and ir and 
Raman spectroscopy strongly supports the 
hypothesis that the catalytic activity of Bi- 
molybdate system resides in “surface do- 
mains” that may be different in structure 
and composition from the bulk. Here we 
postulate that the “surface domains” are 
similar in structure and composition to 
BiZMo209 (p). The following arguments un- 
derline this hypothesis: 

(1) While compound y (stoichiometric) is 
almost inactive and compound (Y has low 
activity, all mixtures of the two in the range 
2/3 < Bi/Mo < 2/l are very active and 
have an activity similar to that of com- 
pound /3. 

(2) Even relatively small amounts of 
MOO, in excess of the stoichiometric ratio 
suffice to bring the catalyst to maximal 
activity: Bi2M01.0406.12 is just as active as 
compound /3. 

(3) XPS data show the existence of a 
surface layer with a composition different 
from that of the bulk phase, the Bi/Mo ratio 
at the surface in the high-activity range 
being almost constant at a level near 1. 

(4) The ir and Raman spectra of catalysts 
such as Bi,Mo,.,,O,,,, show a new, weak 
set of bands in the stretching mode region 
of MO-O vibrations. This set is different 
from that of pure MOO,; this shows that 
superficial MOO, has reacted with the un- 
derlying Bi,MoO, (y). This set of bands is 



similar to one of the sets (/32) that can be (MOO,) planes in compound y as shown in 
observed in the spectrum of p. Fig. 8a. To go from Fig. 8a to b, pairs of Bi- 

(5) Since the other band system of this cations have to be replaced by one MO and 
compound (/3J is akin to that of compound one cation vacancy, but there is simultane- 
y, a layer of /3 on y would only show the p2- ously some reshuffling of cations according 
set superposed on the y-set, as was ob- to the scheme 
served. 

For the structure of Bi,Mo,O, (/3), the (WOW ---, (BiMo2,s~li3)(Mo2,sBi1!3), 

model (18) proposed is a combination of i.e., Bi-cations are replaced by MO in the 
elements derived from the Scheelite and Bi,O, layer but simultaneously some MO 
from the koechlinite (7) structure. The has been replaced by Bi in the MOO, layer. 
Scheelite-derived contribution is a stacking If we assume the oxygen positions to re- 
of four MO, in a square pattern, bound main similar to those in B&Moo&y) we 
together by Bi positioned on the axis pass- arrive at Fig. 8c. It is then obvious that 
ing through the centers of the squares and there are two different oxygen surroundings 
half-way between two groups of four MO of MO, one equal to the y-surrounding, the 
(“MOM”). It is assumed that the “Mo4” other a new one in the B&O,-derived layer. 
arrangement represents Mo401b: clusters Of course, since the y-structure chosen as 
bonded together by bridging oxygens, as in the starting position represents a 
the Mo,O, groups in compound CY. The simplification of the more distorted real 
particular Bi-cations (Bit) are therefore sur- structure, it is probable that similar distor- 
rounded by eight MOO, units, as is Pb’+ in tions will occur in the p-structure. How- 
PbMoO,, the difference being that the dis- ever, the model is adequate to expalin the 
tance between the MOO, units is smaller in spectral observation as to its essential 
two crystallographic directions (x and z). A points. 
typical koechlinite (7) building element is A sample with a bulk composition Bi/Mo 
given by the linear rows of oxygens, run- = 1.96 has sufficient excess MOO, to cover 
ning parallel to the (Mo,O,,J-Bi-(Mo,O,,J the entire Bi,MoOG surface with a layer of 
axis. These oxygens are only connected to MOO,. XPS data show, however, that the 
Bi-cations and are similar to ribbons of surface Bi/Mo ratio remains as high as 1.5. 
B&W cut out from the B&O,-planes in Noble-gas ion reflexion mass spectrometry 
koechlinite, while the Bi”-cations are fur- (NIRMS) studies carried out by courtesy of 
ther linked to the oxygens of the Mo.,016- Professor H. H. Brongersma also indicate 
groups. A noteworthy detail is that not all an almost equal ratio (Bi/Mo = 1.6). Ac- 
these Bi-sites are filled, one in every four cording to calculations based on the experi- 
sites being empty. The model might be 
summarized by writing it as 

4, being the empty cation site. 
As we discussed earlier, the structure of 

p thus appears more closely related to the 
structure of y than believed so far. Figures 
8a and b suggest a method to illustrate the 
structural relation. Figure 8b gives cation 
and cation vacancy positions in the (010) 
plane of the p structure (18). The crystal 
planes (101) perpendicular to this cation 

FIG. 8. Cation positions for (a) Bi,MoOG( 101) plane, 
(b) Bi2M0209 (010) plane, and (c) modified Bi2M0209 

plane can now be related to the (Bi,OJ and (010) plane with oxygen positions. 
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mental surface area and density, the thick- 
ness of the P-phase overlayer at 4% excess 
MO on B&Moo, should be about 10 A. 
Since NIRMS is confined to the outer layer 
(penetration depth < 5 A), while XPS 
probes deeper (15 - 40 A), this indicates 
that the catalyst seems to form either a 
thicker P-phase island on Bi,MoO, or that 
the surface layer corresponds to a ratio of 
1.5. In the latter case, the surface structure 
would be 

Bi,MoO, 3 

The surface can be considered as a 
Bi,MoO,-surface with a number of “sur- 
face defects” such as MO-cations and cat- 
ion vacancies in the B&O,-layer and Bi ions 
in the Moo,-layers. The defects may be 
either randomly distributed over the sur- 
face or ordered in Bi,Mo,O,-like “surface 
domains”. Here, however, we do not touch 
on which surface state is actually formed. 
The answer to this question would necessi- 
tate further investigations using, for exam- 
ple, XPS with ion etching or electron mi- 
croscopic studies. 

These data may be used to construct an 
“outline surface model”. Indeed, one of 
the authors (31) had earlier proposed a 
model based on the assumption that 
Bi,MoO, is an active catalyst. The surface 
was assumed to consist entirely of planes 
(010) perpendicular to the Mo02- and 

- t-axis - 

B&O,-layers. We have given the proof that 
this particular plane in stoichiometric 
Bi,MoOdy) cannot be active since the com- 
pound is not active at all and only becomes 
so by introducing extra MO. Consequently, 
our active surface plane has to be derived 
from the (010) plane of Bi,MozOg(/3). Figure 
9 shows the formation of “surface domains 
(p)” supposed to be the active species, at 
the (101) plane of y when excess MO is 
introduced in y. The process of removing 
oxygens from the top layer (Fig. 8c) has 
been performed by discarding one out of 
every two equivalent oxygens. The surface 
model shows that the olefin adsorption site 
(B-site) in the Moo,-layer discussed earlier 
(31) still exists in the “surface domains”. It 
has been shown that the adsorption param- 
eters for but-1-ene both on stoichiometric 
and MO-enriched active y are similar (see 
Table 1). Also, we assumed an active oxy- 
gen (0,J should be located at the edge of 
the B&O2 plane in B&Moody) (31). For the 
B&O2 layer we see that the layer is formed 
from alternating vacancies and oxygens, 
each vacancy and oxygen belonging to a 
pair of Bi cations. Some oxygens of the 
“surface domains” are only connected 
with one Bi-cation; the other site is empty. 
This type of oxygen should be active and 
form OA. Correlation between activity and 
the maximum volume of strong butadiene 
adsorption (V,,J which relates to 0, is 
shown in Fig. 10. It seems clear that the 
formation of cation vacancies in 

Surlaca Omain 

FIG. 9. Surface model of “surface domains” at the Bi,Mo08 (101) plane. 
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FIG. IO. Dependence of catalytic activity on the 
maximum volumes of strong butadiene adsorption 
(V,,,) related to OA on “impregnated” samples. 

Bi,MoOG(y) with addition of MO makes the 
catalyst active. 

The postulate that only Bi,Mo,O@) is 
the active component agrees with the the- 
ory of Sleight and Linn (32) that a necessary 
feature of an active catalyst is the presence 
of cation vacancies in sites normally occu- 
pied by Bi3+ as given in the molecular 
formula Bi’ (Bi3”&1’OJ(Mo,0,,J. If Bi’ is 
allowed to move over to the cation va- 
cancy, we obtain +)ci(Bi4110J(Mo401,J. The 
I position would result in a situation en- 
tirely similar to that postulated by Sleight 
and Linn (32) to occur when PbMoO, is 
doped with Bi 3+. Another possibility for 
randomly occurring vacancies can be fre- 
quent twinning of Bi,Mo,O, crystals. 

Our above conclusions rest on a combi- 
nation of measurements concerning activ- 
ity, adsorption, XPS and optical spectro- 
scopic information. They are only strictly 
valid for samples very near the Bi/Mo = 2 
edge for B&Moo,. For the majority of the 
“multiphase” samples in the entire range 
2/3 5 Bi/Mo % 2/l, we have only the XPS 
data, the Bi/Mo = 1 value being indicative 
of the presence of a surface layer of the 
corresponding composition. Spectroscopic 
information ceases to be applicable because 
of the simultaneous presence of the y and 
a-phases, causing the ir and Raman spec- 
tra to become so complicated that 
identification of a separate surface layer 
becomes nearly impossible. Therefore, the 

presence of another type of surface layer 
with a composition Bi/Mo = 1 cannot be 
entirely excluded in the 2/3 5 Bi/Mo 5 2/l 
range, although it is believed to be improba- 
ble. 
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