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The oxidwtion behavior of molyhdenum substituied magnetites, Fe,o Mo, Oy, has been investigated
by Tourier transform infrared trassmission. When the oxidation of Fe!*, Mo'. and Mo** ions is
achicved below S30°C., optical spectroscopy confirms the tormation of cation-deficient spinels with a
vacancy and cation ordering that depends on both oxidation and molybdenum content. The intense
band at 840 em~! observed For cation-deflicient spinels, as well as for transformation products, and
the disappearance of the band at 726 ¢m~' for initial samples prove that Me®™ ions are present at
tetrahedral sites of the spine! lattice. However, under certain thermal treatments, the Mo®* ions remain
in octahedral sites. namely when the oclahedral sites are also occupied by Fe?* jons.  © 1993 Academic

Press, Inc.

Introduction

In previous investigations (/—3) we have
determined by derivative thermogravimetry
the cation distribution and oxidation mecha-
nism of molybdenun-substituted magne-
tites, Mo,_,Fe,0,, prepared by precipita-
tion methods. Thesc lead to submicrometer
molybdenum ferrites (/) with 0 < v < 0.63;
by a standard ceramic route for molybde-
num substitution one obtains samples with
0 < x < 1(2). From thesc studies it is con-
cluded that the submicrometer molybdenum
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ferrites can be represented by the ionic con-
figuration:

(Mo3} Feit,_ . Fegt),
(MofiL,, Moy

(o —y)v
3+ 24 -
Feiig-tsa-y Feilaeads 07 (1)

with « = 0.11, y = 0.0, and 8 increasing
with x. The subscripts A and B refer, respec-
tively, to occupancy of tetrahedral and octa-
hedral sites of the spinel structure. For mo-
lybdenum ferrites preparcd by the ceramic
route, the cationic distribution depends on
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grinding time; the presence of Mo** ions at
tetrahedral sites has not been detected {2).
Whatever the preparation method, these

mixed oxides contain several oxidizable cat-
ions (Fe’*, Mo>*, Mo *) distributed on both
A and B sites of the spinel structure. For
temperatures below about 500°C, cation-
deficient spinels associated with a large
number of vacancies are obtained; these are
generated by the following reaction chain
3):
3Fci™ — 2Fe*t + O

oxidation temperature peak 200°C
2Moj* — Mo + O

oxidation temperature peak 300°C
IMojT — 2Mo®t + 0O

oxidation temperature peak 385°C
3Fei* — 2Fe** + [

oxidation temperature peak 420°C
3Mo4t — 2Mo®* + O

oxidation temperature peak 490°C

Our thermogravimetric data provide more
information on the cation distribution than
previous studies via electrical properties
and MOssbauer analyses (4, 5). The a, 3, v
coefficients have been accurately deter-
mined and the presence of Mo*" ions in A
sites has been proved. However, the possi-
bility of an ordered distribution of cations
and vacancies at B sites and an eventual
migration of cations between A and B sites
during the oxidation process has not been
adequately specified by the techniques em-
ployed.

To complement the physicochemical
characterization of the new mixed oxides as
catalysts (6), we have attempted to establish
correlations between the structural and vi-
brational praperties by correlating the oxi-
dation state of molybdenum and the va-
cancy content with the cation distributions
induced by the selective oxidation reac-
tions.

Experimental
Samples

The molybdenum ferrites, Mo, Fe;_.0,,
were prepared in two ways:

(i) by precipitation of Fe?*, Fe’*, and
Mo®* chloride solutions in alkaline medium
(samples A). A thermal treatment of these
mixed oxides under N,—~H,~H,0Q mixture
between 400 and 800°C leads to solid solu-
tions Fe,O,_,Fe,Mo0,,, with 0 < x <
0.63. The crystallite size close to 50 nm ren-
ders them highly reactive with oxygen. A
first structural investigaiion was under-
taken, based on the variation of lattice pa-
rameters with x and on calorimetric and
thermogravimetric analyses of oxidized
samples (/, 3). For starting samples, the
distribution can be formulated as Eq. (1),
in recognition of the strong octahedral site
preference of Mo** and Mo*" ions (3).

(it} by mixing in an agate mortar pow-
ders of Fe, Fe,0,, and MoQ; in appropriate
molar ratios with differént values of x (0 <
x < 1, samples B} (2). The homogenized
powder was put into an alumina crucible
placed inside a silica ampoule, The amoule
was then degassed under vacuum (10~ Pa)
to avoid oxidation at high temperature,
sealed, and heated at 1150°C for 3hr, after
which it was quenched in water. The sam-
ples were analyzed by X-ray diffraction and
were found 10 be a single-phase cubic spinel
structure, The lattice parameter increased
monotonically from 0.8398 (x = 0) to 0.8512
nm {x = 1}. Such treatment at high tempera-
ture causes an increase of the crystallite
size; the average diameter observed from
electron microscopy was on the order of 2
to 3 um. Fe,Mo,0, and Fe,(MoO,); were
prepared in the same way, respectively at
1160°C under vacuum and at 800°C in air.

Measurements

The oxidation were performed under iso-
thermal conditions or with the temperature
increasing at a linear rate (2.5°C min~'} in
a Setaram MT-B 10-8 microbalance using
6 mg of initial powder (sample A) or ground
powder (sample B). The degree of oxidation
of the samples at various levels of reaction
was calculated from the gravimetric data.
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FiG 1. FT-IR spectra of A samples for (0 < x < 0.63.

The IR spectra were recorded with a
Perkin—Elmer 1725X FT-IR spectrometer
over the range 4000-450 cm ™' and with a
Perkin—-Elmer 1700X FT-IR (Fourier trans-
form IR) spectrophotometer over the range
430-30 cm™!'. About 1 mg of sample was
mixed with 200 mg of spectroscopically pure
dry Csl or with 50 mg of polyethylene and
pressed into rods before the spectrum was
recorded.

Results

Initial Phases

Representative IR spectra from 1200 to
150 cm ™! for samples A with 0.02 < x <
0.63 are depicted in Fig. 1 and the positions
of the IR bands are shown in Fig. 2. For
composition range 0 << x < 0.49 the spectra
reveal two strong absorption bands, v, and
v,, which for x = 0.02 occur at 574 and 393
c¢cm™!and for x = 0.49 at 582 and 393 cm~".
For the highest concentration of molybde-
num and samples B with x > 0.50 (Fig. 3),
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F1G. 2. Vibrational behavior of Fe;_ Mo, 0, spinels
for A and B samples.

the band at about 390 cm™! progressively
disappears.

Close to 440 cm ™!, two small bands with
low intensity appear for certain concentra-
tions of molybdenum. At the lowest concen-
trations these bands are not seen clearly,
but their intensity increases with concentra-
tion of molybdenum; for x > 0.50 the bands
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Fic. 3. FT-IR spectra of B samples for 0.50 <
x <1,
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Fig, 4. FT-IR spectra of A samples oxidized in
cation-deficient spinels at 530°C for 4 hr.

could be discerned very clearly. 1t is also
seen (Fig. 1 and 3) that besides the main
band at 580 cm ™', thereisaband at 726 cm ™!
whose intensity increases with molybdenum
content. At higher frequencies and for cer-
tain compositions some weaker bands (indi-
cated by arrows) are detected for samples
A (Fig. 1) but are absent from samples B
(Fig. 3).

Cation-Deficient Spinels and
Transformation Products

Figure 4 shows the profile of the IR spec-
tra and Fig. 5, the vibrational behavior of
catton-deficent spinels obtained after oxida-
tion for 4 hr at 530°C of substituted submi-
crometer magnetites. Over the range
150-750 cm ™! and for x < 0.10, three strong
bands occurred at 400, 558, and 638 ¢m ™!
with roughly 10 bands of relatively weak
intensity. For compositions x > 0.10, the
spectrum exhibits a number of different
bands but shows considerable variation in
absorption frequencies and intensities, par-
ticularly over the range 250-500 cm™'. In
the higher frequency absorption region, two
other bands are found at 840 and 960 ¢m ™'
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Fi1G. 5. Vibrational behavior of cation-deficient spi-
nels for A samples.

whose intensity increases with molybdenum
concentration.

After heating at higher temperatures (e.g.,
at 650°C for 4 hr), X-ray diffraction analysis
has shown that the cation-deficient spinels
are converted into iron lII molybdate
Fe,(Mo0y), and a-Fe,0, (7). Following this
transformation, the IR spectrum (Fig. 6,
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F1G. 6. FT-IR spectra of (a) sample A with x = 0.49
oxidized in cation-deficient spinel at 530°C for 4 hr, (b)
sample A with x = (.49 after transformation. (¢} sample
B withx = 1 after transformation, (d} pure Fes(MoO,)-,
(e) pure a-Fe 0.
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curves b and ¢) always exhibits two absorp-
tion bands at 840 and 960 cm™!, and new
bands appear in the 700-300 cm ™! region.
These two bands are also observed, with-
out significant modification, for pure
Fe{MoOQ,); (Fig. 6, curve d), and bands
in similar positions were detected in the
spectrum before transformation (Fig. 6,
curve aj.

Discussion

Initial Phases

For the IR absorption spectrum study of
the solid solutiens (M, Fe¢),0,, Ishii and Na-
kahira (7) calculated the optically active lat-
tice vibrations of Fe,0,. They assigned the
band at 570 cm ! to the v, (T,,) mode, which
is the Fe-O stretching mode of the octahe-
dral and tetrahedral sites; they assigned the
band at 370 cm ™! to the v, (T,,} mode, which
is an Fe-O stretching mode of the octahedral
sites. The bands related to the v, (7},) and
v, (T,,) modes were assigned by these au-
thors to the motion of Fe’~ ions on A sites
against those of B sites, and to an O-Fe-0O
bending mode of the A and B sites, respec-
tively. These bands, which are expected to
be weak, have not been observed down to
50 cm~".

From Fig. 2 it can be seen that the posi-
tions of the bands v, and v, change slightly
with x, due to the slight variation in the
Fe’* — O complexes with the increase
of molybdenum content. In addition to the
Fe’™ ions on B sites, Mo*" ions are also
present. With an increase of Mo*t — O~
complexes an increase in the intensity of
the two small bands at about 440 cm™! is
expected; this is confirmed by the results.
Thus, these bands can be assigned to the
Mo** — 0?2 octahedral complexes. This
implies that with the increase of the
Mo*® — O?" complexes, the band at 380
cm~!; which is an Fe—O stretching mode of
octahedral sites, should disappear at higher
molyhdenum content.

The band at 726 cm ™' should be assigned
to a vibration of the octahedral groups be-
cause of the presence of the highest valency
cation (8) (Mo** cations on B sites) as
shown by the cation distribution (1). This
band cannot be attributed to the small
amount of Mo'" ions on A sites detected
only for samples A. Thus, this band has been
assigned to MoO; octahedra. For iron mo-
lybdenum (1V) oxide, Fe,Mo,04, whose
Mo?* ions are also in octahedral coordina-
tion with oxygen (9), a strong absorption
band assigned to MoO, octahedra occurs at
727 cm™'.

Cation-Deficient Spinels and
Transformation Products

The three strong bands observed at 398,
560, and 630 cm~! are assumed to be due
to the stretching vibration v of the Fe-O
bonds. The assignment of the 398 and 560
cm™! bands to the Fe—O stretch is consis-
tent with their assignment for starting sam-
ples. Based only on intensity considerations
the 638 and probably 446 ¢m~! bands should
also be those of vFe-0. The relatively weak
intensities of the bands at 216, 240, 267, 315,
332, 370, 400, 428, 446, 486, 585, and 696
cm ™!, assumed to be due to the bending
vibrations of the O—Fe—QO bonds. However,
some of the frequencies could be due to
stretching vibrations of the spinel structure
arising from the lower symmetry resulting
from ordered vacancies on B sites (/0). We
have performed a systematic study of the
ordered forms of cation-deficient spinels, re-
sulting in a lowering of the overall symme-
try, which leads to an increasing number of
IR active vibrations (//-{3). One of the first
reported examples of the influence of ca-
tion ordering on the IR spectrum is the cat-
ion deficient spinels (Fe®*),(Fel'
Mis0,)05” 0 <y < fand M = AP*,
Cr3*%) (1) in which 1:5 ordering between
vacancies and cations on B sites occurs for
low y values. For molybdenum substituted
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Fig. 7. FT-IR spectra of sample A with x = 0.23
oxidized under isothermal conditions for 4 hr at (a)
30°C, (h) 100°C, (c) 155°C, (d) 200°C, (e) 260°C, (f)
390°C, and (g) 500°C.

v-Fe,0; samples, the extended formula can
be written as {3):

6+ 34+
(Mog 756+ v Feu_sine +x])A
I+ 2-
(Fes yi0 o s 3o +ns Of (2)

For x << (.10, e.g., x = (.07, the O/Fe’*
ratio in B sites was (.24 and changed little
compared to y-Fe,0, (Q/Fe*t = 0.20) of
the cation distribution (Fe’¥),(Felf
0,,)50i~, which would explain the preser-
vation of ordering.

At higher molybdenum substitution con-
tent, e.g., x = 0.23, the O, Fe3* ratio was
0.34; the presence of numerous bands (Fig.
7, curve g) may indicate an ionic ordering
1:3 onthe B sites. At certain oxidation tem-
peratures, the local symmetry did change,
as observed for the sample with x = 0.23
heated in isothermal conditions at various
temperatures (Fig. 7). This implies that the
number of vacancies for a given substitution
content can influence the ordering. For this
purpose, if we select the oxidation tempera-
ture (e.g., 200°C) in order to oxidize only

the octahedral Fe?* ions thereby to preserve
the oxidation of other cations (Fig. 7, curve
d}, the number of vacancies decreases ac-
cording to the formula:

44 ER S T4
(Mosy_uy Fey; - B+ o~ By Fe‘ﬁﬁf)-)A “e-
4+ 3+
(MOG( — e MOg( _ ety
34 I
Fe( 115— + 3+ By —a— Ry I:|3(l —b+ a},\'f)')B 04 ’ (3)

and the 0/ cation ratio at this temperature
again approaches 0.20. However, because
Mo’ and Mo' ™ have a strong preference for
the octahedral environment, the presence of
some kinds of cations at B sites will broaden
the absorption bands. From the IR spectra
of oxidized samples with x > 0.30 (Fig. 4),
it is seen that the absorption bands over the
range 200-700 cm™', are not so distinct as
those of the low substitution content. The
absence of ordering can be explained by the
large number of vacancies.

Figures 4 and 7, show two other bands at
840 and 960 cm ™' whose intensity increases
with molybdenum concentration and oxida-
tion temperature. These bands may be asso-
ciated with the presence of Mo®* ions at A
sites. They are attributed to isolated MoQ,
tetrahedra. In MoAg.O,, in MoNa,0, of spi-
nel structure, or in most of the molybdates
{BaMoQ,, CaMo0,, PbMo0,) in which the
molybdenum is tetrahedrally coordinated
by oxygen, the strong band at 840 cm ! is
also assigned to MoO, tctrahedra (/4, 15).
Moreover, the similarity of the spectra to
those of Fe,(MoO,); (Fig. 6, curve d) shows
that the high frequency band may be as-
signed to a vibration of the symmetric
stretch of MoO, tetrahedral groups. This
confirms that oxygen is 4-fold coordinated
around the molybdenum. In all cases, the
symmetry site is 7, and the observed fre-
quency values (indicated by arrows in Fig.
6) for the two antisymmetrical stretching
(960 and 840 ¢cm™!) and the two bending (413
and 287 cm™ ') vibrations are consistent with
this symmetry (/6-/8). The remaining
bands at 542, 470, 377, 339, 238, and 212
em ! and the weak shoulder at about 619
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cm™! must be related to «-Fe,O; bands in

comparison with pure a-Fe,0, (Fig. 6, curve
¢). This analogy confirms that in this molyb-
date the oxygen atoms are octahedrally co-
ordinated with the iron atoms. In both sam-
ples A and B, the presence of Mo®* ions at
A sites for cation deficient spinels requires
that the extraction of three electrons to a
Mo** ion to produce Mo®" ions during the
oxidation. This requires a transfer of Mo%*
ions from the B sites to the A sites, with a
concomitant migration of Fe** ions from A
to B sites. Moreover, from the IR spectra
of Figs. 4and 7, it can be seen that at temper-
atures higher than 450°C, the absorption
band at 726 cm™! has disappeared, indicat-
ing that the Mo’* ions have been oxidized,
as proved by thermogravimetric analysis.
The same spectrum was observed for
ground samples B oxidized in isothermal
conditions for 4 hr as for unground samples.
Here the experimental conditions were
changed; the temperature increased at a lin-
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F1G. 8. Evolution of FT-IR spectra of sample B with
x = 1 (a) before oxidation and oxidized under noniso-
thermal conditions (2.5°C min ") at (b) 500°C, (c) 528°C,
(d) 590°C, (e) 639°C, (f) 663°C, and (g} 700°C.
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Fi1G. 9. FT-IR spectra of sample A with x = 0.49 (a)
before oxidation and oxidized at 290°C for (b} 30 min,
(c) 15 min, and (d) 3 min.

ear rate of 2.5°C min~'. The 840 and 960
bands disappeared while new bands at 788,
861, and 915 cm~ ! appeared (Fig. 8). In this
particular case, we used the DTG (2) to
prove that a sizeable amount of Fe* ions
is not oxidized, although we observe a com-
plete oxidation of Moj" ions. On the other
hand, for long reaction times, the FeZ" ions
of the sample A and those of the ground
samples B are totally oxidized, whereas
only a small amount of Mo}* ions is oxi-
dized. The three bands at 788, 861, and 915
cm~! also occur for samples A oxidized un-
dercertain conditionsif Fez"and Mo} ions
are present together. This happens, for ex-
ample, if the samples are oxidized at 290°C
for various short reaction times (Fig. 9), orif
initially oxidized samples in cation-deficient
spinels are reduced in H, in order to restore
a part of the Fe’* ions (Fig. 10). By analogy
with molybdates of Co(Il} (/9) and Fe(II)
(20), we believe that under these treatment
conditions, Mo®* is located in a B site which
is distorted by contraction of the O~ ions
around the cations with highest charges.
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Fi1G. 10. FT-IR spectra of cation-deficient spinel with
x = .49 showing the evolution of the spectra (a) before
reduction and after partial reduction for different per-
centages of Fe’* ions on B sites: (b) 50%, {c) 80%, and
(d) 100%.

This is consistent with the bands at 980, 860,
and 790 cm™' observed for b-FeMoO, or
b-CoMoO,, and is typical of a distorded
octahedral coordination of Mo. A structural
analysis has shown that for these molyb-
dates the oxygens are six-fold co-ordinated
around molybdenum in two distorted octa-
hedral arrangements, with a wide range of
Mo-0 distances between 0.172 and 0.233
nm. Moreover, Fig. 10 shows that the per-
centage of Mo®" ions on B sites depends on
the fraction of restored Fe2* ions. Conse-
quently, the presence of divalent cations on
B sites stabilizes the octahedral coordina-
tion of Mo®* ions. This is in agreement with
the b - CoMoQ, and b-FeMoQ, structure for
which the Co’* and Fe’* cations are also
in octahedral sites. The very weak bands
observed at high frequencies in the case of
the initial submicrometer samples are identi-
fied as those charactenstic of the Mo®* in
B sites and prove that the Mo** ions are
oxidized at room temperature inside a small
thickness.

In conclusion, this work has demon-
strated very interesting cationic migration
and ionic ordering undergone by molybde-

num substituted magnetites oxidized in
cation-deficient spinels. The comparative
IR study of the oxidation products prepared
by two different methods established that
the Mof" ions can be present both in iso-
lated MoO, tetrahedral and in distorted
Mo0, octahedra. For submicrometer cation
deficient spinels with Mo®* ions in tetrahe-
dral sites, the results of our investigation
suggest an ordered distribution of cations
and vacancies at octahedral sites, in confor-
mity with an increasing number of [R active
vibrations resulting from an O/Fe** = tor
O/Fe** = } ratio. The absence of a 1:2
order for oxidized sample with x = 0.49 can
be explained by the vacancy migration on
tetrahedral sites. With Mo®" ions in octahe-
dral sites the ordering process is prevented
by the presence of some kinds of cations at
these sites,
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