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I. X-Ray Characterization of Iron-Containing Bismuth Molybdovanadate Catalysts 
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Iron and bismuth molybdovanadates of general formula Bi,~,,zO,,~~,.Me,.(V,~,Mo,. ,Fe, )04, 
where Me = Fe or Bi, 0 = cation vacancy, withx = 0. IS, 0.30,0.45,0.60, and 0.75 and 0 5 y 5 x/3, 
have been prepared by coprecipitation and final firing at 873 K. The structural characterization has 
been performed mainly by precise lattice parameter measurements but also by magnetic suscepti- 
bility studies. The X-ray data show that all specimens are monophasic with the scheelite tetragonal 
structure. The correlation between the lattice parameter a and compositional parameters x and y 
shows the effect of the cation and vacancy substitution on the unit cell lattice, which is interpreted 
in terms of the different ionic radii of the interchanging metal ions. D 1986 Academic Press, Inc. 

INTRODUCTION 

Bismuth molybdates, iron-containing 
bismuth molybdates, and bismuth molyb- 
dovanadates have already received much 
attention as catalysts for selective oxida- 
tion, ammoxidation, and oxidative dehy- 
drogenation of olefins to the corresponding 
unsaturated aldehydes, nitriles, and diole- 
fins (I). 

The high catalytic activity of the above 
compounds has been linked with the simul- 
taneous presence of bismuth and cation va- 
cancies (2). In principle, all selective (am- 
mo)oxidation catalysts must possess redox 
properties, which are dependent upon the 
chemistry and the structure of both the sur- 
face and the bulk. In particular, they must 
be capable not only of undergoing reduction 
themselves giving the oxygen necessary for 
the olefin oxidation process, but also of be- 
ing easily reoxidized by gaseous oxygen, 
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thereby filling the vacancies created with 
02- during the first step. 

The presence of a redox couple, such as 
Fe3+/Fe2+, in a catalyst can facilitate the 
redox processes by promoting electron and 
oxygen transfer between the surface and 
the bulk. Cation vacancies can also im- 
prove lattice oxygen diffusion and catalytic 
activity (3). 

Some of the above compounds are 
known to crystallize in the (CaW04) 
scheelite-type structure, or in structures 
strictly derived from scheelite (2). 

In the ideal body-centered tetragonal 
(space group 14,/a) AB04-type scheelite 
structure the B cation is usually hexavalent 
and tetrahedrally coordinated by oxygen, 
while the A cation is usually divalent and 
eight-coordinated by oxygens from eight 
different (B04)2- tetrahedra. 

A wide variety of chemistry for com- 
pounds with the scheelite structure has so 
far been explored. A few possibilities for 
anions different from oxygen, namely fluo- 
rine and nitrogen, are known in scheelite 
chemistry, but many different A and B cat- 
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ions with various oxidation states may eas- 
ily be accommodated in the scheelite lat- 
tice, the main restriction for the latter 
possibility being that the cations must be 
capable, respectively, of eight-fold and tet- 
rahedral coordination to oxygen. Some ex- 
amples which illustrate the variety of possi- 
ble cation oxidation states in oxides with 
the scheelite structure are KRe04, CaW04 
(mineral scheelite), BiV04 (high-tempera- 
ture form, above 600 K), and ZrGe04 (2). 

The c-w-phase of bismuth molybdate, Bi? 
(MoO~)~, has been shown from both pow- 
der (4) and single-crystal (5) X-ray diffrac- 
tion studies to crystallize with a monoclinic 
superstructure derived from the CaW04- 
scheelite structure, where three of the A 
cations are replaced by two trivalent cat- 
ions, such as Bi3+, producing a cation va- 
cancy in the lattice, and so giving a chemi- 
cal formula which is more correctly written 
as Bi21J(Mo04), , where Cl represents a va- 
cant eight-coordinated cation site. 

Some ternary compounds containing at- 
oms other than bismuth and molybdenum 
are known to be derived from the a-phase 
of bismuth molybdate. For example, the 
Bi-V-MO-based oxidic compounds have 
been proved to crystallize in the tetrag- 
onal scheelite-type structure which persists 
over almost the entire range of Bi,m.,3Uri3 
(VI-,Mo,)04 solid solution formation (in 
particular, from x = 0.1 to values close 
to unity, where the monoclinic a-phase of 
bismuth molybdate is present), and where a 
controlled number of vacancies occurs in 
order to preserve charge neutrality (4). This 
class of compounds has been successfully 
used as catalysts for the (ammo)oxidation 
of olefins (6). Among the ternary Bi-Fe- 
MO-based oxides two compounds of for- 
mula Bi3(FeMoZ)0,2 (7, 8) and B&Fe(Fe 
MoZ)O12 (8) have also been reported to ex- 
ist, and found to exhibit high catalytic ac- 
tivity and selectivity toward olefin oxi- 
dation (9-12). Their structure is strictly 
derived from the scheelite-type a-bismuth 
molybdate, BizCl(Mo04)3, by simulta- 
neously replacing one tetrahedral Mo6+ ion 

and one eight-coordinated vacant site with 
one Fe3+ and one Bi3+ ion (Mo6+ + 0 * 
Fe3+ + Bi3+), or with two Fe3+ ions (Mo6+ 
+ Cl f-, 2Fe3+), respectively. 

Taking into account all the above men- 
tioned studies we thought it would be inter- 
esting to initiate an investigation on iron- 
containing bismuth molybdovanadates of 
general formula 

where Me = Fe or Bi and 0 = cation va- 
cancy, with the aim of: (i) obtaining new 
multicomponent oxide catalysts which 
preserve the scheelite structure over a wide 
range of x and y compositions and have 
controlled amounts of cation vacancies, (ii) 
determining their structural properties, 
both bulk and surface, and (iii) finding a 
correlation between structural properties 
and their catalytic behavior toward some 
oxidation and dehydrogenation reactions. 

This paper refers mainly to the X-ray 
characterization of the catalysts. Forth- 
coming papers will deal with a detailed 
study embracing EPR and further magnetic 
work, together with investigations of the re- 
ducibility and surface properties, the cata- 
lyzed oxidation of propene to acrolein, and 
the catalyzed dehydrogenation of 1-butene 
to butadiene. 

EXPERIMENTAL 

Preparation and analysis. All the chemi- 
cals used in the preparation of the samples 
were of analytical grade. The compounds 
were prepared by coprecipitation from a 
solution of (NH4)6Mo,024 and an ammo- 
nia suspension of NH4V03 with Bi(N03)3 in 
acidic solution by HN03 (13). In the case of 
iron-containing samples an iron nitrate so- 
lution was also added. The quantities of the 
different solutions were varied in order to 
achieve compositions with x = 0.15, 0.30, 
0.45,0.60, and 0.75, and y varying, for each 
value of x, from zero to x/3 in steps of 0.05. 
The suspension was stirred at 353 K until 
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TABLE I 

List of the Studied Bi,~.,,0,,1-.M~,,(V,-,Mo,~,,Fe,)04 Samples with Their Metal Chemical Composition; 
for Each Sample the Weight Percent, Both Nominal and Experimental, Are Given 

Sample %Bi.,, %Bi,,, %FG”, %Fe,,, %MO.,,, %MO,,, %V.,, %V,,, 

13.52 13.88 
13.49 13.53 
11.26 I I .I2 
Il.24 10.98 
II.21 11.58 
8.95 8.80 
8.93 8.84 
8.91 8.82 
8.89 8.83 
6.59 6.91 
6.57 6.97 
6.55 6.91 
6.54 7.10 
6.52 1.36 
4.17 4.17 
4.16 3.95 
4.1s 4.49 
4.12 4.61 
4.13 4.90 
4.12 4.61 

8.12 7.73 
8.50 8.22 
8.28 7.91 
6.41 6.17 
6.25 6.45 
6.09 6.17 
5.94 5.94 

For Me = Fe: 
x 2Y 

0.15 0.00 
0.15 0.10 
0.30 0.00 
0.30 0.10 
0.30 0.20 
0.45 0.00 
0.45 0. IO 
0.45 0.20 
0.45 0.30 
0.60 0.00 
0.60 0.10 
0.60 0.20 

62.0 
61.8 
59.4 

62.3 
58.0 
61.5 
56.8 
55.5 
58.0 
52.4 

1.74 
- 

I .76 
3.52 
- 

1.78 

4.49 5.29 
3.38 3.56 
9.09 9.26 

59.3 
59.1 

1.82 7.56 8.28 
3.55 6.03 6.67 

13.80 
12.37 
10.34 
8.79 

18.62 
17.00 
15.46 
13.87 
12.29 
23.55 
21.91 

14.49 
13.36 
Il.59 
9.88 

19.26 
18.17 
15.72 
14.41 
12.49 
24.67 
22.54 

56.8 
56.6 
56.5 
56.3 
54.0 
53.9 
53.8 
53.7 
53.5 
51.3 
51.2 

1.84 
3.55 
5.16 

I.86 
3.59 
5.21 
6.90 

53.0 3.55 
52.7 5.31 
50.0 
49.8 
50.0 
49.8 
49.7 
49.0 

- 
I.80 
3.59 
5.38 
7.15 
- 

I .82 

0.60 0.30 
0.60 0.40 
0.75 0.00 
0.75 0. IO 49.0 

49. I 
48.8 

1.89 
3.67 
5.24 
7.05 
8.70 

0.75 0.20 
0.75 0.30 

51.0 
51.0 

3.64 
5.44 

20.30 20.34 
18.72 18.65 

50.8 47.2 7.24 
50.6 48.4 9.03 

17.10 17. IX 
15.50 15.08 

0.75 0.40 
0.75 0.50 

For Me = Bi 

x 2Y 

0.45 0.10 
0.45 0.20 

58.5 54.5 
60.2 56.0 
61.8 56.6 
55.9 52.6 
57.7 54.5 
59.3 54.9 
60.9 55.8 

0.87 
1.69 
2.48 
0.88 

0.91 
1.74 

I I.88 12.88 
IO.18 II.02 
8.55 9.25 

16.61 18.03 
0.45 0.30 
0.60 0. IO 

2.49 
0.92 

0.60 0.20 
0.60 0.30 

I.71 1.75 14.71 15.07 
2.47 2.63 12.91 13.92 

0.60 0.40 3.26 3.39 II.19 10.54 

CuKa (Ni-filtered) radiation for the phase 
analysis. For the determination of the lat- 
tice parameters a Debye-Scherrer camera 
(internal diameter of 114.6 mm, with 
Straumanis film mounting) and CrKa (V- 
filtered) radiation were used. This radiation 
was chosen since it gives well-resolved X- 
ray reflections in the back-reflection region 
and, most important, since it allows one to 
detect the (420) reflection, independent of 
the c parameter and at 8 = 80”, thereby 
leading to a very high precision on the mea- 
surement of the lattice parameter a. 

The following seven reflections, in the 
back-reflection region of 0 = 60 to 90”, were 
recorded (the first figure showing the Miller 
index and the second, in parentheses, the 
approximate mean value of the 13 Bragg an- 
gle for each reflection): 400 (62”), 208 (64”), 

the evaporation was almost complete. The 
product was then dried at 383 K, ground 
and heated to 573 K in order to decompose 
the nitrates. The specimens were then re- 
ground, and finally heated in air at 873 K for 
24 h. 

The color of the samples ranged from 
pale yellow to orange-light brown depend- 
ing on the different compositions, and espe- 
cially the iron content. 

The content of all metals was determined 
by atomic absorption using a Varian AA5 
instrument, and was found to be in good 
agreement with the nominal concentration. 
Table 1 reports the results of the chemical 
analysis. 

X-Ray analysis. The powder diffraction 
patterns were first recorded with a Geiger 
counter Philips spectrogoniometer and 
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316 (66”), 325 (68”), 413 (73”), 404 (75”), 420 by minimizing the deviations of the a values 
(80”). following a least-squares procedure. For 

The spectra of samples without iron samples without iron, where the uncer- 
showed a minor resolution of (Y~-(Y~ dou- tainty is higher because of the poorly re- 
blets as compared with the iron-containing solved aI-cy2 doublets, the error in a, c, and 
specimens, thus indicating a higher crys- V is kO.001 A, 20.02 A, and 0.5 A3, respec- 
tallinity in the latter compounds. tively, whereas for iron-containing speci- 

The positions of the reflections were read mens the error is -~0.0005 A, rO.O1 A,, and 
visually by means of a Philips measuring kO.l A3, respectively. 
device with an accuracy of +O.OOS cm and Magnetic susceptibility. Magnetic sus- 
were then used in constructing Nelson- ceptibility measurements were performed 
Riley plots for extrapolation to 8 = 90”, by the Gouy method at different field 
thereby evaluating the unit cell parameter strengths (4000,6000, and 8000 g) and in the 
a. The axial ratio C = a/c was determined temperature range 78 to 300 K. A semimi- 

TABLE 2 

List of the Studied Bi,~,iiC3,,1~.Me,(V,~,Mo,~,Fe, )04 Samples with Their Metal Chemical Composition 
(Molar Fraction), Lattice Parameters a (A) and c (A), and Cell Volume V (A’) 

Sample In eight-coordinated sites In tetrahedral sites 

For Me = Fe 
x 2Y 

Bi cl Fe V MO Fe 

0.15 0.00 0.95 
0.15 0.10 0.95 
0.30 0.00 0.90 
0.30 0.10 0.90 
0.30 0.20 0.90 
0.45 0.00 0.85 
0.45 0.10 0.85 
0.45 0.20 0.85 
0.45 0.30 0.85 
0.60 0.00 0.80 
0.60 0.10 0.80 
0.60 0.20 0.80 
0.60 0.30 0.80 
0.60 0.40 0.80 
0.75 0.00 0.75 
0.75 0.10 0.75 
0.75 0.20 0.75 
0.75 0.30 0.75 
0.75 0.40 0.75 
0.75 0.50 0.75 

For Me = Bi 

X 5 
0.45 0.10 
0.45 0.20 
0.45 0.30 
0.60 0.10 
0.60 0.20 
0.60 0.30 
0.60 0.40 

0.90 
0.95 
1 .oo 
0.85 
0.90 
0.95 
1.00 

0.05 
- 

0.10 
0.05 
- 

0.15 
0.10 
0.05 
- 

0.20 
0.15 
0.10 
0.05 
- 

0.25 
0.20 
0.15 
0.10 
0.05 
- 

0.10 
0.05 
- 

0.15 
0.10 
0.05 
- 

0.05 

0.05 
0.10 

0.05 
0.10 
0.15 

0.05 
0.10 
0.15 
0.20 
- 

0.05 
0.10 
0.15 
0.20 
0.25 

- 
- 

- 
- 
- 

0.85 0.15 
0.85 0.10 
0.70 0.30 
0.70 0.25 
0.70 0.20 
0.55 0.45 
0.55 0.40 
0.55 0.35 
0.55 0.30 
0.40 0.60 
0.40 0.55 
0.40 0.50 
0.40 0.45 
0.40 0.40 
0.25 0.75 
0.25 0.70 
0.25 0.65 
0.25 0.60 
0.25 0.55 
0.25 0.50 

0.55 
0.55 
0.55 
0.40 
0.40 
0.40 
0.40 

0.40 
0.35 
0.30 
0.55 
0.50 
0.45 
0.40 

- 
0.05 
- 

0.05 
0.10 
- 

0.05 
0.10 
0.15 
- 

0.05 
0.10 
0.15 
0.20 
- 

0.05 
0.10 
0.15 
0.20 
0.25 

0.05 
0.10 
0.15 
0.05 
0.10 
0.15 
0.20 

5.161 II.69 311.4 
5.166 II.68 311.7 
5.182 II.68 313.6 
5.179 II.69 313.5 
5.186 11.69 314.4 
5.199 II.70 316.2 
5.201 11.69 316.2 
5.198 II.69 315.8 
5.204 II.70 316.8 
5.226 II.68 319.0 
5.227 11.70 319.7 
5.226 II.70 319.5 
5.227 II.69 319.4 
5.230 II.67 319.2 
5.241 11.69 321.3 
5.246 II.73 322.8 
5.253 II.69 322.6 
5.253 11.68 322.3 
5.254 11.67 322.1 
5.256 11.74 324.3 

5.215 11.69 317.9 
5.225 11.68 318.9 
5.221 11.65 317.6 
5.228 II.70 319.7 
5.235 11.69 320.4 
5.243 11.68 321.0 
5.247 11.68 321.6 

V 



90 PORTA ET AL. 

crobalance reading to kO.01 mg was em- 
ployed. The apparatus was calibrated with 
Hg[Co(CNS),]. The samples were found to 
be field independent and to obey the Curie- 
Weiss law xat, = CI(T - 19) in the whole 
temperature range. 

RESULTS 

Table 2 reports the list of the prepared 
samples together with their detailed nomi- 
nal chemical composition in molar fraction, 
and their unit cell parameters. 

First, it should be pointed out that the X- 
ray patterns of all compounds are very sim- 
ilar to the pattern of the bismuth molyb- 
dovanadates (6) and to that of the mineral 
scheelite, CaW04 (14). Table 3 reports the 
interplanar spacings d and the visually esti- 
mated intensities for one of the prepared 
samples (all compounds show the same X- 
ray pattern), together with the data re- 
ported in the literature for CaW04 (14). No 
lines other than those belonging to the te- 
tragonal scheelite structure (space group 
14,/a) (15) appear on the X-ray films taken 
with different radiations and after very long 
exposure. 

It may be seen from Table 2 that the unit 
cell parameter c is not remarkably affected 
by composition, whereas for the a parame- 
ter a complex influence is observed when 

FIG. 1. Lattice parameter a vs x composition in 
Bi,_,,,U,,~(V,_,Mo,)04 solid solutions (0 = cation va- 
cancies). (0) x = 0.15; (0) x = 0.30; (0) x = 0.45; (0) 
x = 0.60; (A) x = 0.75. The error limits in (1 are smaller 
than the diameter of the polygons used to indicate the 
experimental points. The results from Cesari et. (I/. 
(Ref. (4)) are also reported (cross points). 

TABLE 3 

Interplanar Spacings, d (A), and Intensities, I, Taken 
from the X-Ray Spectrum of One of the Bil-,ll 
•,,z_,Me,(V,~,Mo,~,Fe,)O~ Samples, Namely 
that where Me = Fe and x = 0.60, 2y = 0.40 

Our sample” 

d P d 

4.76 m 4.77 
3.11 VS 3.11 
2.91 m 2.85 
2.61 m 2.63 
2.29 m 2.30 
2.13 W 2.09 
2.00 W 2.00 
1.95 s 1.94 
1.85 W 1.857 
1.72 s 1.691 
1.64 VW 1.636 
1.58 S 1.596 
1.56 W 1.558 
1.46 vvw 1.425 
1.43 vvw 1.446 
1.35 vvw 1.338 
1.30 vvw 1.313 
1.27 W 1.251 
1.255 m 
1.225 VW 1.230 
1.198 W I.210 
1.186 W 1.193 
I.164 W I.178 

CaW04 

Ill, hkl 

70 101 
100 103 
50 004 
60 200 
60 211 
40 105 
50 213 
80 204 
60 220 
70 116 
50 215 
90 303 
70 224 
20 008 
50 321 
50 217 
50 400 
80 208-316 

20 325 
60 413 
60 404 
50 420 

Note. Interplanar spacings, d, intensities, I, and 
Miller indexes, hkl, for the mineral “scheelite,” 
CaW04 (Ref. (14)). are also reported for comparison. 

” The X-ray patterns of all other samples are very 
similar to those reported in this table. 

h Visually estimated intensities: vs = very strong, s 
= strong, m = medium, w = weak, VW = very weak, 
vvw = very very weak. 

changing x and/or 2y. Figures 1, 2, and 3 
show the correlations between the lattice 
parameter a and the compositional parame- 
ters x and 2y, which will be discussed in 
detail for the three series of compounds in 
the next section. 

Regarding the magnetic results, the spec- 
imens without iron were found to be 
diamagnetic, whereas values of the mag- 
netic moment p around 5.95 B.M. were ob- 
served for all the compounds containing 
iron. No ferromagnetic behavior was no- 
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FIG. 2. Lattice parameter a vs 2y (Bi + Fe) com- 
position in Bi,-,,j+v q ,,,_,(V,_,Mo,~,Fe,)04 solid solu- 
tions (0 = cation vacancies). (V) x = 0.15; (0) x = 
0.30; (0) x = 0.45; (0) x = 0.60. The error limits in (I 
are smaller than the diameter of the polygons used to 
indicate the experimental points. 

ticed in the iron-containing specimens. The 
values of the Weiss temperature 8, taken 
from the intercepts on the plots of l/xat. vs 
T, were found to increase with increasing 
iron content within each series of samples. 

DISCUSSION 

The presence of only one scheelite phase 
and the variation of the lattice parameter a, 
which is more sensitive to cation substitu- 
tion than the c parameter of the tetragonal 
lattice, establish the formation of a solid so- 
lution for samples both with and without 
iron. In the first case the iron incorporation 
takes place as Fe3+, as indicated by the 
magnetic measurements. The observed 
value for the magnetic moment is around 
5.95 B.M. as expected for Fe3+ in the 3d5 
high-spin configuration. 

In order to confirm the occurrence of a 
complete solid solution and to ascertain the 
absence of other phases containing iron, 
such as a-Fez03, in quantity not easily 
detectable by X-ray, a mechanical mixture 
was made between a bismuth molybdo- 
vanadate, namely that of formula B& 
q 0.2(V0.4M00.6)04 , and c+Fe203 in such 
quantities that the iron content was com- 
parable to that present in the sample of 
formula Bio.8Feo.2(Vo.4Moo.4Feo.2)04. The 
magnetic susceptibility of the mechanical 
mixture has been found to slightly increase 

with increasing temperature (xat. at 150 K = 
1 x 10m3, xat. at 295 K = 2.4 X 10m3 cgs 
units) so confirming the typical magnetic 
behaviour of a-Fe203 (16). On the contrary, 
our sample, Bio.8Feo.2(Vo.4Moo.4Feo.2 104, as 
any of the other studied compounds, fol- 
lows the Curie-Weiss law, that is the mag- 
netic susceptibility decreases with increas- 
ing temperature (xat. at 150 K = 1.4 X 10e2, 
xat. at 295 K = 1 x 10m2 cgs units), as 
expected for Fe 3+-containing compounds 
(16). 

The correlation between lattice parame- 
ter variation and cation substitution will 
now be examined. For the sake of clarity 
the discussion will be divided into three 
sections. The first one will consider the 
samples without iron, the second part will 
deal with those specimens containing iron 
only in the tetrahedral sites of the scheelite 
structure, and the third series, comprising 
the majority of the samples, will discuss the 
most interesting solid solutions, i.e., those 
containing iron in both tetrahedral and 
eight-coordinated lattice sites. 

For a better illustration of the correla- 
tion between observed and expected lattice 
variations in the iron-containing samples, 
i.e., both series 2 and 3, all the substitu- 
tional mechanisms involved in the solid so- 
lution formation are schematically reported 

rJ=azo I3o.l5 lJ.010 q =0.05 ckaoo 

526tp-- / Ai 1 a/x=o,5 

a% fz;::~ozo~~a60 / 

522 

v 

,..i:i. v=- O-- 

o-- o---,.(145 

/ 
s18*--o-- Q----x=a30 

r-55 
' --v ---x=0.15 

SKI/ I 1 1 I I 
0 01 a2 a3 0.4 0.5 

2Y 
FIG. 3. Lattice parameter (I vs 2y (Fe) composition 

in Bi,-,,lCl.,l ~,Fe,(VI~,Mo,~,.Fe,)04 solid solutions (0 
= cation vacancies). (V)x = O.l5;(O)x = 0.30;(O) x 
= 0.45; (0) 0.60; (A)x = 0.75. The error limits in u are 
smaller than the diameter of the polygons used to indi- 
cate the experimental points. 
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in Table 4, where Shannon’s ionic radii (f 7) 
are also given. Moreover, the series 2 and 3 
will be discussed separately (see also Table 
4) for given and constant values of: (i) cat- 
ion vacancy, (ii) compositional parameter 
2y, and (iii) compositional parameter X. 

1. BiI-x/30x/3(V~-+Mo,-y)04 series. 
These solid solutions originate from Bi 
V04 where x Mo6+ replaces an equivalent 
amount of VSf ions in the tetrahedral sites 
and leaves x/3 eight-coordinated cation va- 
cancies; this system has already been stud- 
ied by Cesari CI al. (4) at x = 0.21, 0.37, and 
0.55, and their results, reported in Fig. 1 as 
crosses, are in good agreement with our 
findings. All samples show an increase of a 
with increase of X, i.e., of molybdenum 
content. This behavior is easily explained 
by the substitutional mechanism which jus- 
tifies the lattice expansion. In fact, by in- 
corporation of Mo6+ ions in BiV04, a dou- 
ble expansion effect on the lattice must be 
expected: one is due to x MO”+ replacing x 
V5+ in the tetrahedral sites (the tetrahedral 
ionic radii for Mo6+ and V5+ are, according 
to Shannon (17), 0.41 and 0.355 A, respec- 
tively), and another predictable expansion 
(18, 19) is due to a simultaneous creation of 
x/3 cation vacancies in the eight-coordi- 
nated sublattice. 

2. Bi~~.~~+y~,~~-,(V~-,Mo,-yFe,)04 se- 
ries. These compounds can be thought as 
derived from the bismuth molybdovana- 
dates, series 1, where y Fe3+ + y Bi3+ re- 
place y Mob+, the Fe3+ ions interchanging 
with MO@ in the tetrahedral sites, and the 
Bi3+ ions filling an equivalent amount of 
eight-coordinated cation vacancies in order 
to preserve charge neutrality. 

The variation of the unit cell parameter u 
with the compositional parameter 2y is 
shown for this series in Fig. 2. 

(i) It may first be noted from Fig. 2 that 
for equal values of cation vacancies the lat- 
tice parameter strongly increases with in- 
creasing of both x and 2y (full lines in the 
figure). Since the substitutional mechanism 
correlated with increase of x and 2y is Mo6+ 
+ Vs+ and Fe3+ 3 V5+ in the tetrahedral 
sites, the sharp increase in a is in agreement 
with expectations (difference in ionic radii, 
Table 4). 

(ii) The second observation on this series 
is that for equal values of 2y, that is y bis- 
muth + y iron, but both x and vacancies 
increasing, an increase of the lattice pa- 
rameter a is found (points lying on lines 
perpendicular to the axis of abscissae in 
Fig. 2). For these compositional changes 
and according to the scheme shown in Ta- 

TABLE 4 

Mechanisms of Cation Substitutions in the Bi,_,,,O,,z.,.Me,.(V,~,Mo,~,,Fe,)O, Solid Solution Formation, 

Expected Lattice Parameter Variations on the Basis of Ionic Radii Considerations,” and Experimentally 
Observed Lattice Parameter Variations 

For Me = Bi 

(i) For equal values 
of 0 (X and 2y increase) 

Substitutions AGXDCFld Ad”b\cd 

Mo+V Positive Positive 
Fe+ V Positive (very strong) 

(ii) For equal values MO-V Positive Positive 
of 2y (x and 0 increase) Cl-* Bi Positive (strong) 

(iii) For equal values of Fe+ MO Positive Positive 
x Cy and 0 variable) Bi + 0 Negative (weak) 

For Me = Fe 

Mo+V Positive Positive 
Fe+ V Positive (strong) 
Fe+ Bi Negative 

MO+ V Positive Positive 
q + Bi Positive (strong) 

Fe+Mo Positive 
Fe + 0 Negative No effect 

a Shannon’s ionic radii (Ref. (17)). Tetrahedral: Fe)+ (high-spin) = 0.49; MO”+ = 0.41; V’+ = 0.355 A. Eight-coordinated: Bi” 
= 1.17; Fe)+ (estimated) = 0.78 A. 
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ble 4, the substitutions which take place 
here, i.e., MO@ + Vs+ and 0 + Bi3+, both 
tend, as observed, to expand the lattice. 

(iii) It may finally be noted for this series 
that a slight increase of a is observed for 
equal values of x (constant vanadium con- 
tent), as shown from the dashed lines in 
Fig. 2. The observed increase of u may be 
interpreted by the following concomitant 
substitutional processes: Fe’+ + MO”+ in 
the tetrahedral sites, which would cause a 
lattice expansion (see Shannon’s radii in 
Table 4), and Bi3+ + 0 in the eight-coordi- 
nated sites which would presumably give a 
theoretically expected lattice contraction 
(18, 19). These two opposite effects nearly 
compensate. 

3. Bi,-*/30x,3-yFe?(VI-xMo.~~~Fe~)04 se- 
ries. The replacement of y MO”; in the bis- 
muth molybdovanadates (series I) by 2y 
Fe’+ ions give rise to the third series of 
solid solutions, with iron substituting mo- 
lybdenum in the tetrahedral sites and simul- 
taneously filling an equivalent amount of 
eight-coordinated cation vacancies. 

The variation of the lattice parameter u 
with the compositional parameter 2y is 
shown in Fig. 3. 

(i) The increase of the lattice parameter 
with increasing of both x and 2y, and for 
equal values of cation vacancy content, is 
disclosed by the full lines. In this case, as 
depicted in Table 4, the increase of a is due 
to two lattice expansion effects in the tetra- 
hedral sublattice according to the following 
replacements: Mob+ + V”+ and Fe3+ + 
V”, and to a lattice contraction due to Fe’+ 
substituting Bi3+ in the eight-coordinated 
sites, which as a whole leads to an overall 
expansion of the lattice. The observed posi- 
tive variation of a is, as expected, less evi- 
dent in this case than in the second series 
where only the two equivalent expansion 
effects are present. 

(ii) An increase of a is, moreover, ob- 
served for samples having equal values of 
2y (iron) and both x and vacancy contents 
increasing (points lying on lines perpendic- 
ular to the axis of the abscissae in Fig.3). 

The behavior here, as in the similar situa- 
tion of the second series, is interpreted in 
terms of the double lattice expansion effect 
caused by the substitutional mechanisms 
(see Table 4): Mo6+ + Vs+ in the tetrahe- 
dral sublattice, and 0 -+ Bi3+ in the eight- 
coordinated one. 

(iii) A near constancy of a values is fi- 
nally found for samples at equal values of x, 
and both 2y and vacancies variable (dashed 
lines in Fig. 3). As shown in Table 4 the 
interchanging mechanisms are in this case 
as follows: Fej+ + Mob+ in the tetrahedral 
sites, which would cause an expansion of 
the lattice, and Fe3+ + 0 in the eight-coor- 
dinated sites with expected lattice contrac- 
tion. These two opposite effects seem to 
nearly compensate. The near constancy of 
a observed in this case as compared with 
the slightly positive Au variation noticed in 
the second series of samples (similar cases 
for equal values of x in Table 4) may be 
explained by the fact that the filling of va- 
cancies by Fe3+ (estimated eight-coordi- 
nated ionic radius equal to 0.78 A (17)) pro- 
duces a higher lattice contraction than that 
caused in the second series (eight-coordi- 
nated Bi’+ ionic radius equal to 1.17 A). 

In addition to the clear evidence drawn 
from the lattice parameter variation, the 
presence in the second series of only one 
type of iron, namely the tetrahedrally coor- 
dinated one, and in third series of both tet- 
rahedral and eight-coordinated Fe3+, has 
been revealed from both EPR and magnetic 
susceptibility measurements, and this will 
be the subject of a forthcoming communica- 
tion. 

As far as the site symmetry of Fe’+ ions 
is concerned, it may be recalled that several 
investigations on the Bi3(FeMo2)0i2 com- 
pound (7-11) have well established the 
presence of iron in the tetrahedral sublat- 
tice of molybdenum, whereas some dis- 
agreement exists for the presence of Fe’+ 
ions in the eight-coordinated sublattice of 
bismuth (7-9). In particular, while some au- 
thors tend to exclude (7, 9) the possible ex- 
istence of eight-coordinated iron, others (8, 
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10, 11) claimed for the occurrence of eight- 
coordinated Fe3+ if favorable crystal- 
lographic circumstances, such as in the 
Bi2Fe(FeMo2)0i2 compound, are present. 
Moreover, a recent investigation performed 
by Grzybowska et al. (20) by means of Ra- 
man, IR, and XPS methods on the Bi-Fe- 
MO-O system has confirmed the existence 
of the Bi2Fe(FeMo2)0r2 compound previ- 
ously studied by Lo Jacono et al. (8), other 
than the Bi3(FeMoz)0t2 compound which, 
according to other authors (7, 9), seemed to 
be the only definite compound in this sys- 
tem. 

2. 

3. 
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J. Catal. 66,347 (1980); Grasselli, R. K., and Bur- 
rington, J. D., “Advances in Catalysis,” Vol. 30, 
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Brazdil, J. F., Glaeser, L. C., and Grasselli, R. 
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Cesari, M., Perego, G., Zazzetta, A., Manara, G., 
and Notari, B., J. Inorg. Nucl. Chem. 33, 3595 
(1971). 
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X-ray spectra have revealed a higher crys- 
tallinity for the samples of the third series, 
that is, those containing iron in both lattice 
sites. This observation suggests that the fill- 
ing up of eight-coordinated cation vacan- 
cies by iron, in spite of its small size, leads 
to a better crystal lattice stabilization. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

I5 

van den Elzen, A. F., and Rieck, G. D., Acta 
Crystallogr. Sect. B 29, 2433 (1973). 
Notari, B., Cesari, M., Manara, G., and Perego, 
G., U.S. Patent 3,492,248 (1976). 
Jeitschko, W., Sleight, A. W., McClellan, W. R., 
and Weiher, J. F., Acta Ctystullogr. Sect. B 32, 
1163 (1976). 
Lo Jacono, M., Notermann, T., and Keulks, G. 
W., J. Catal. 40, 19 (1975). 
Linn, W. J., and Sleight, A. W., J. Catnl. 41, 134 
(1976). 
Krenzke, L. D., and Keulks, G. W., J. Catal. 64, 
295 (1980). 
Notermann, T., Keulks, G. W., Shkarov, A., 
Maximov, Y. U., Margolis, L. Ya., and Krylov, 
0. V., J. Catal. 39, 286 (1975). 
Bruckman, K., and Grzybowska, B., React. 
Kinet. Catal. Lett. 26, I17 (1984). 
Anichini, A., De Rossi, S., Gazzoli, D., Lo Ja- 
cone, M., Minelli, G., Porta, P., and Valigi, M., 
Ital. Patent 49573A81 (1981). 
Powder Diffraction File, Inorganic Volume, Chart 
N” 8-145, p. 317. Amer. Sot. Testing Materials, 
Philadelphia, 1967. 

.<. “International Tables for X-Ray Crystallogra- 
phy,” Vol. I, p. 178. Kynoch Press, Birmingham, 
England, 1952. 

ACKNOWLEDGMENTS 16. Schieber, M. M., “Experimental Magnetochemis- 

The authors would like to thank Professor A. 
Cimino for critically reading the manuscript and Mr. 
M. Inversi for the drawings. 

REFERENCES 

1. Keulks, G. W., Krenzke, L. D., and Notermann, 
T. N., “Advances in Catalysis,” Vol. 27, p. 183. 
Academic Press, New York, 1978; Bielanski, A., 
and Haber, J., Catal. Reu. Sci. Eng. 19, 1 (1979); 
Brazdil, J. F., Suresh, D. D., and Grasselli, R. K., 

17 

18. 

19. 

20. 

try,” Vol. VIII, p. 168. North-Holland, Amster- 
dam (1967). 
Shannon, R. D., Acta Ctystallogr. Sect. A 32, 
751 (1976). 
Mott., N. F., and Littleton, M. J., Trans. Fara- 
day. Sot. 34, 485 (1938). 
Cimino, A., and Marezio, M., J. Phys. Chem. 
Solids 17, 57 (1960). 
Grzybowska, B., Payen, E., Gengembre, L., and 
Bonnelle, J. P., Bull. Pol. Acad. Sci. 31, 245 
(1983). 


