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a  b  s  t  r  a  c  t

A  new  solid  solution  with  formula  Fe1−xCrxVSbO6 has  been  prepared  by the conventional  solid-state
reaction  technique  using  the  starting  mixtures  containing  V2O5, �-Sb2O4, Cr2O3 and  Fe2O3 as  well as
FeVSbO6 and  CrVSbO6.  Continuous  substitutional  solid  solution  of  a tetragonal  structure  of  rutile-type
in  the  FeVSbO6–CrVSbO6 system  is  formed  in the  whole  concentration  range  0.0  <  x < 1.0.  The  solid  solu-
vailable online 2 February 2012
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tion  was  characterised  by  XRD,  DTA-TG,  IR and  SEM/EDX  methods.  With  increasing  degree  of  Cr3+ ion
incorporation  into  the  FeVSbO6 structure,  the  contraction  of Fe1−xCrxVSbO6 solid  solution  crystal  lattice
increased.  The  temperature  of  its  thermal  stability  in the  solid  state  was  established  and  gradual  shifting
of  the  corresponding  IR absorption  bands  towards  higher  wave  numbers  was  observed.

© 2012 Elsevier B.V. All rights reserved.
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. Introduction

From amongst many oxides, the following ones V2O5, Fe2O3,
r2O3 and Sb2O4, due to their chemical, magnetic, electrical and
atalytic properties are particularly attractive for basic research
nd for a large number of prospective applications. Usually mix-
ures of oxides and compounds forming from them as well as
he solid solutions of the structures of these compounds, show
etter properties from the viewpoint of applications than indi-
idual oxides [1–4]. Tetragonal MM1SbO6, where M = Cr, Fe, Rh;
1 = Ge, Ru, Sn, Te, Ti, V of rutile-type structures have been reported

nd characterised recently because of their interesting functional
roperties [5–8]. It is known that iron–antimony–vanadium oxide
atalysts are active and selective in several partial oxidation reac-
ions, including the oxidative dehydrogenation of butenes [9,10],
xidative dehydrogenation of ethylbenzene [11,12], propylene oxi-
ation [13,14],  oxidation of methanol and alkylaromatics [15],
ropene and propane ammoxidation [16–18].

The properties of the components of the FeVSbO6–CrVSbO6
ystem are well known [7,8,19,20].  FeVSbO6 and CrVSbO6 are
sostructural, crystallise in the tetragonal system and have
utile-type structures. The calculated unit cell parameters of
eVSbO6 are the following: a = b = 0.4604(4) nm, c = 0.3053(3) nm,

 = 0.0647 nm3, Z = 2 [8].  Ternary Fe–V–Sb oxide is colour and melts

ncongruently at ∼1280 ◦C with a deposition of solid Fe2O3 [8].

The calculated unit cell parameters of CrVSbO6 are the follow-
ng: a = b = 0.45719(12) nm,  c = 0.30282(8) nm,  V = 0.0633 nm3, Z = 2

∗ Corresponding author.
E-mail address: elafil@zut.edu.pl (E. Filipek).
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[7].  CrSbVO6 is graphite-black and melts incongruently at ∼1300 ◦C
with a deposition of solid Cr2O3 [7].

It has been shown earlier that the compounds FeVSbO6 and
CrVSbO6, are formed, upon heating of equimolar mixtures of V2O5
with �-Sb2O4 and Fe2O3 or Cr2O3 at temperatures up to 800 ◦C
[7,8].

The compounds FeVSbO6 and CrVSbO6 have been investigated
by SEM and IR methods [7,8] as well as by EPR in the range
277–573 ◦C [19,20].  A comparison of paramagnetic centres and
interactions in FeSbVO6 and CrSbVO6 compounds has been made.
The observed differences could be explained by different param-
agnetic properties of Fe3+ and Cr3+ ions and differences in their
interactions the V4+ ions [19].

As for the compounds, FeVSbO6 and CrVSbO6, because of
isostructural character of the MVSbO6 phases and similar values of
Fe3+ and Cr3+ radii, the formation of continuous substitution solid
solutions is expected. In view of the fact that the phase relations
in the FeVSbO6–CrVSbO6 system have not been investigated yet, it
has been deemed advisable to undertake works on the resolution
of this problem.

2. Experimental

The polycrystalline samples for investigation were synthesised using traditional
solid state methods by multistage heating of a mixture of initial components.

The  following starting oxides were used in the experiments: Fe2O3,  a.p. (POCh,
Poland), Cr2O3, a.p. (POCh, Poland), V2O5, a.p. (POCh, Poland) and �-Sb2O4 which
was  obtained by oxidation of commercial Sb2O3 a.p. (Fluka, Germany) in air under

conditions: 500 ◦C (24 h) → 550 ◦C (72 h).

The samples for the synthesis of new solid solutions were prepared from appro-
priate mixtures of oxides and from the specially synthesised compounds: FeVSbO6

and CrVSbO6 (Table 1). The compounds FeVSbO6 and CrVSbO6 have been prepared
by the procedures given in works [7,8].

dx.doi.org/10.1016/j.jallcom.2012.01.092
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
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Table  1
The composition of initial mixtures and the results of XRD analysis of the samples from the system FeVSbO6–CrVSbO6 after the last heating stage.

Composition of initial mixtures Phases detected after last heating stage

No. Contents of oxides [mol%] Contents of compounds [mol%]

Fe2O3 Cr2O3 V2O5 Sb2O4 FeVSbO6 CrVSbO6

1 31.67 1.67 33.33 33.33 95.00 5.00 Fe0.95Cr0.05VSbO6

2 25.00 8.34 33.33 33.33 75.00 25.00 Fe0.75Cr0.25VSbO6
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stage (Fig. 2b), apart from lines characteristic for the oxides, �-
Sb2O4, V2O5, Cr2O3 and Fe2O3, a set of diffraction lines was  present
the position of which was near to that of lines characterising both
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3 16.67 16.67 33.33 33.33 

4 8.34 25.00 33.33 33.33 

5 3.34 30.00 33.33 33.33 

The mixtures of initial oxides or compounds after mechanical homogenisation
y grinding in an agate mortar, shaped into pellets were heated in the atmosphere
f  air or an argon gas flow at temperatures from 620 to 800 ◦C with intermediate
rinding of the reagents. The samples of reagents were heated at 620, 650, 700, 750
nd  800 ◦C in 24 h stages.

On each heating stage the samples were gradually cooled to room tempera-
ure  and their mass changes and their colour were recorded. After grinding and
efore shaping them again into pellets for the next heating stage, the samples were
nalysed by XRD and DTA/TG methods. When the diffraction patterns of samples
aken after two consequent heating stages were identical both with respect to the
ositions (2�) and to the intensities of the recorded diffraction lines (I/I0), the pro-
edure of heating samples was then finished. On the last heating stage the samples
ere investigated, apart from XRD measurement, by means of the DTA/TG and IR

pectroscopy methods.
The powder diffraction patterns of obtained samples were recorded with the

id  of the diffractometer HZG-4 (NRD) using the radiation CuK�/Ni. Identification of
hases was  conducted on the basis of XRD characteristics contained in the PDF cards
21].  The powder diffraction patterns of Fe1−xCrxVSbO6 were indexed by means of
OWDER program [22,23].

The densities of monophase samples were determined by degassing samples
nd  hydrostatic weighing in pycnometric liquid (CCl4) by the method described in
aper [24].

The DTA/TG investigations all samples were performed by means of an F.
aulik–L. Paulik–L. Erdey derivatograph, product of MOM  Budapest. The measure-
ents were conducted in the air and argon in the temperature range 20–1000 ◦C,

t  the DTA galvanometer sensitivity of 1/5 and a constant heating rate of 10◦/min.
ome samples were subjected to DTA/TG using a TA Instruments SDT 2960. Mea-
urements were conducted only in atmosphere of argon in the temperature range
0–1400 ◦C.

Initial mixtures and monophase samples were also examined by IR spec-
roscopy. The measurements were made within the wave number range of
200–250 cm−1(resolution 4 cm−1) using a spectrophotometer IR SPECORD 80 (Carl
eiss, Jena, Germany) applying a technique of pastilling under pressure. The sam-
le  were mixed with dehydrated KBr in a mass ratio of 1:300 and then pressed to
ellets.

The  chemical analysis of metallic elements’ contents was  performed for
e1−xCrxVSbO6 (0 ≤ x ≤ 1.0) by means of scanning electron microscope (SEM) (JSM-
600, Jeol, Japan) with an X-ray energy dispersive analysis (EDX) (ISIS-300, Oxford).

. Results and discussion

X-ray phase analysis (XRD), differential thermal analysis (DTA)
nd IR spectroscopy have shown that continuous substitution solid
olutions of the formula Fe1−xCrxVSbO6 where 0 < x < 1 are formed
n the FeVSbO6–CrVSbO6 system according to the reactions:

1 − x)Fe2O3(s) + xCr2O3(s) + V2O5(s) + Sb2O4(s)

= 2Fe1−xCrxVSbO6(s.s.) (1)

1 − x)FeVSbO6(s) + xCrVSbO6(s) = Fe1−xCrxVSbO6(s.s.) (2)

The diffraction patterns of preparations obtained both from
he oxides and from previously prepared FeVSbO6 and CrVSbO6
howed, on the last heating stages, the presence of the set of
iffraction lines that were shifted towards higher diffraction angles
2�)  in comparison to the set of the lines characteristic of the

eVSbO6 compound. In comparison to the diffraction pattern of
rVSbO6, these lines were shifted towards smaller angles, so
hey corresponded to bigger d values. Fig. 1 shows fragments of
iffraction patterns (XRD) recorded for the samples after the last
50.00 50.00 Fe0.50Cr0.50VSbO6

25.00 75.00 Fe0.25Cr0.75VSbO6

10.00 90.00 Fe0.10Cr0.90VSbO6

stage of heating, whose composition corresponds to the formulas:
Fe0.95Cr0.05VSbO6, Fe0.5Cr0.5VSbO6 and Fe0.10Cr0.90VSbO6.

On the basis of the diffraction patterns, it can be concluded that
in the FeVSbO6–CrVSbO6 system continuous solid solutions are
formed and their general formula can be written as Fe1−xCrxVSbO6
(Fig. 2).

The analysis of the diffraction patterns of the obtained
Fe1−xCrxVSbO6 solid solutions proved that with increasing x,
the interplanar distances (d), characteristic of these solutions,
decreased in comparison to pure FeVSbO6 and approached to the
values characteristic of CrVSbO6.

Fig. 3 presents, apart from a fragment of a diffraction pattern
of a mixture of 33.33 mol% V2O5, 33.33 mol% �-Sb2O4, 16.67 mol%
Fe2O3 and 16.67 mol% Cr2O3 (curve a), fragments of the diffraction
patterns of this sample after first heating stage, i.e. at 620 ◦C - 24 h
(curves b) as well as a diffraction pattern of a monophase sample
containing only Fe0.5Cr0.5VSbO6 (curve c).

In the diffraction pattern of this sample after the first heating
604020
2θ  /degree

Fig. 1. XRD paterns of the selected solid solutions.
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Table 2
Unit cell parameters and volumes for the FeVSbO6 (x = 0) and CrVSbO6 (x = 1.0)
phases and solid solutions Fe1−xCrxVSbO6.

x in Fe1−xCrxVSbO6 a [nm] b [nm] c [nm] V [nm3]

0.00 0.46040 0.46040 0.30530 0.06470
0.05  0.45998 0.45998 0.30506 0.06455
0.25  0.45947 0.45947 0.30465 0.06432
0.50  0.45876 0.45876 0.30426 0.06403
0.75  0.45801 0.45801 0.30324 0.06361
ig. 2. Concentration tetrahedron of the Fe2O3–Cr2O3–V2O5–�-Sb2O4 system with
osition of new solid solutions Fe1−xCrxVSbO6.

eVSbO6 and CrVSbO6, i.e. to Fe1−xCrxVSbO6. Phase analysis of this
ample after the last heating stage at 800 ◦C showed that it con-
ained only solid solution with formula Fe0.5Cr0.5VSbO6 (Fig. 2c).

On the basis of the X-ray diffraction patterns of the
e Cr VSbO solid solutions for x = 0.05, 0.25, 0.50, 0.75 and 0.90
1−x x 6
arameters and volumes of their unit cells were calculated by using
rogram POWDER. Table 2 shows parameters and volumes of the
nit cells of pure FeVSbO6 [8] and CrVSbO6 [7] phases as well as

ig. 3. The changes in powder diffraction patterns on selected stages of synthesis of
he  Fe0.5Cr0.5VSbO6: (�) Cr2O3, (�) Fe2O3, (�) V2O5, (�) �-Sb2O4, (*) Fe0.5Cr0.5VSbO6.
0.90  0.45748 0.45748 0.30301 0.06342
1.00  0.45719 0.45719 0.30282 0.06330

those of solid solutions for x = 0.05, 0.25, 0.50, 0.75 and 0.90. The
data in Table 2 point to the fact that with the increasing degree
of incorporation of Cr3+ ions in the place of Fe3+ ions the contrac-
tion of the crystal lattice and consequential decrease in the unit cell
volumes take place (Fig. 4).

All monophase samples, i.e. comprising only Fe1−xCrxVSbO6
where x = 0.05, 0.25, 0.50, 0.75 and 0.90, were examined by
DTA/TG, both in air and argon, up to 1000 ◦C. The DTA curves of
Fe1−xCrxVSbO6 obtained from V2O5, Fe2O3 and Cr2O3 with �-Sb2O4
as well as from mixtures FeVSbO6 with CrVSbO6 show no thermal
effects up to 1000 ◦C. Furthermore, the TG curves of these samples
do not indicate any mass losses. The DTA/TG data indicate that this
phase is stable up to at least 1000 ◦C.

The next stage of the research was, aimed at establishing
the thermal stability of selected monophase samples containing
Fe1−xCrxVSbO6 where x = 0.25, 0.50 and 0.75, in temperatures up to
1400 ◦C only in argon atmosphere. The tests were not conducted
in air atmosphere for technical reasons. The manufacturer rec-
ommended against conducting DTA/TG in air at the temperatures
above 1000 ◦C.

Differential thermal analysis of selected monophase samples
containing Fe1−xCrxVSbO6 where x = 0.25, 0.50, 0.75, conducted
up to 1400 ◦C in argon atmosphere, revealed the presence of one
endothermic effect at ∼1350 ◦C, as shown in Fig. 5. With increasing
x the onset temperature of this effect did not change significantly.
According to literature data the temperature of this effect is close
to that of thermal decomposition of CrSbO4 [25].

On the other hand, the TG curves (Fig. 5) of the samples inves-
tigated up to 1400 ◦C revealed their mass decrement starting at
∼1050 ◦C, fluctuating between 45.15 and 66.13% by weight.In view
of the hitherto performed studies, it can be claimed that the mass

decrement is due to a thermal decomposition of the solid solution,
i.e. Fe1−xCrxVSbO6, accompanied by liberation of Sb4O6(g). For the
sample containing Fe0.5Cr0.5VSbO6 the mass loss up to 1350 ◦C was

Fig. 4. Lattice parameter of Fe1−xCrxVSbO6 solid solution.
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Fig. 5. DTA-TG curves of Fe0.5Cr0.5VSbO6.

8.88%, which is in good agreement with that calculated from the
quation:

Fe0.5Cr0.5VSbO6(s.s.) → 2CrSbO4(s) + Fe2O3(s) + 2V2O5(l) + ½Sb4O6

RD analysis of the samples containing the solid solution
e1−xCrxVSbO6 (0.25 ≤ x ≤ 0.75), additionally heated at 1300 ◦C
1 h), that is a temperature close to the onset of the endothermic
ffect recorded on the DTA curves, and then rapidly cooled, con-
rmed the course of their decomposition. The phase analysis of the
btained preparations showed that apart from the phases having
rystallised from the liquid, e.g. V2O5 they contained also a phase
dentified as CrSbO4 and the oxide Fe2O3.

Solid solutions with different compositions, were examined by
R spectroscopy. Fig. 6 shows IR spectra of the FeVSbO6 phase (curve
), of the Fe0.5Cr0.5VSbO6 solid solution (curve b) and of the CrVSbO6
hase (curve c).

The spectra are distinguished by a very similar distribution of
heir absorption bands. IR spectrum of the Fe0.5Cr0.5VSbO6 solid
olution (Fig. 6, curve b) contains absorption bands with their
axima lying at 705, 570, 375 and 340 cm−1, respectively. It fol-

ows from the literature survey that these bands are characteristic
nd were observed in the IR spectra of solid vanadates (V) and
ntimonates (V) with the rutile type structure [25–27].  Intensive
and with an absorption maximum at 705 cm−1 can probably be
ttributed to the M O M bridge bonds stretching [28]. The next

−1
and which shows distinct maximum at 570 cm in the light of
ccessible literature can be ascribed to the stretching bonds of
b O in SbO6 [29,30], Fe O in FeO6 octahedra [31–33] as well
s to stretching vibrations of the bonds Cr O in CrO6 octahedra
Fig. 6. IR spectra of (a) FeVSbO6; (b) Fe0.5Cr0.5VSbO6 and (c) CrVSbO6.

[34,35]. The position of the other bands in a vibration spectrum
of Fe0.5Cr0.5VSbO6, i.e. of those at 375 cm−1 and 340 cm−1, implies
that they were developed by deformation vibrations of the O M O
(O Fe O, O Sb O, O V O) and V O bonds in the distorted MO6
octahedra or they are mixed character [8,21,23,27,36–39].

The IR spectrum of Fe0.5Cr0.5VSbO6, a phase whose structure has
not previously been known, implies that it is built from MO6 (where
M = V, Fe, Cr, Sb) octahedra and adopts a rutile type structure.

A series of IR spectra characteristic of solid solutions of
Fe1−xCrxVSbO6 type with different compositions (x) have shown
that with increasing degree of the Cr3+ ion incorporation into the
FeVSbO6 lattice, the absorption bands are shifted towards higher
wave numbers.

Then the morphologies of the polycrystalline FeVSbO6, CrVSbO6
and Fe1−xCrxVSbO6 were studied by scanning electron microscopy
(SEM) with an X-ray energy dispersive analysis (EDX) probe to
determine the (V + Sb):(Fe + Cr) ratio in various parts of the samples.

Usually from 3 to 5 determinations for morphologically equiv-
alent areas were made and the mean error in determination of the
(V + Sb):(Fe + Cr) ratio may  be estimated as about 5%.

Fig. 7 presents a SEM image of the FeVSbO6 (a), CrVSbO6 (b) and
a SEM image of the new solid solution – Fe0.5Cr0.5VSbO6 (c).

The crystals visible in Fig. 7a and b are similar by their morphol-
ogy to the crystals of Fe0.5Cr0.5VSbO6 (Fig. 7c.) but differ in size.
The SEM images of FeVSbO6 and CrVSbO6 reveal irregular crys-

tals of sizes from ∼0.75 to 4 �m.  SEM image of Fe0.5Cr0.5VSbO6
(Fig. 7c) showed the presence of only one of crystals’ habit. Crystals
of Fe0.5Cr0.5VSbO6 are irregular in shape and the average their size
is about 0.5 �m.  The sizes of the largest crystals are of the order
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Table  3
Metal composition of selected monophase samples as determined by SEM/EDX analysis.

Formula Fe1−xCrxVSbO6 Experimental composition [at.%] Composition calculated from formula [at.%] V+Sb
Cr+Fe (exp/cal)

Fe Cr Sb V Fe Cr Sb V

FeVSbO6 (x = 0.00) 32.85 – 33.71 33.44 33.33 – 33.33 33.34 2.044/2.000
Fe0.75Cr0.25VSbO6 (x = 0.25) 23.97 9.06 31.94 35.03 25.00 8.33 33.33 33.34 2.028/2.000
Fe0.50Cr0.50VSbO6 (x = 0.50) 16.05 16.60 34.34 33.02 16.67 16.66 33.33 33.34 2.032/2.000
Fe0.25Cr0.75VSbO6 (x = 0.75) 7.99 24.80 34.57 32.64 8.33 25.00 33.33 33.34 2.050/2.000
CrVSbO6 (x = 1.00) – 33.36 34.45 32.19 – 33.33 33.33 33.34 1.998/2.000

(a), Cr
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Fig. 7. SEM images of the FeVSbO6

f 2.5 �m whereas the size of smaller crystals do not often exceed
.35 �m.

The results of experimental determination of composition by
DX analysis of monophase samples (Table 3) showed that the
V + Sb):(Fe + Cr) ratios corresponded to the calculated values from
ormula of the new solid solutions, i.e. Fe1−xCrxVSbO6.

Very similar experimental and calculated contents of Cr, Fe, V
nd Sb in analysed phases confirm the validity of the proposed
ormula for new solid solution Fe1−xCrxVSbO6.

. Conclusions

1) Some continuous substitution solid solutions of Fe1−xCrxVSbO6
type are formed in the FeVSbO6–CrVSbO6 system.

2) With increasing x in Fe1−xCrxVSbO6 the crystal lattices of the
solid solutions formed undergo increasing contraction, mea-

sured in terms of decreasing volumes of unit cells and a shift
in the position of IR absorption bands towards higher wave
numbers.

3) The new phase is built of MO6 (where M = V, Fe, Cr, Sb) octahedra
and adopts a rutile-type structure.

[
[
[

[

VSbO6 (b) and Fe0.5Cr 0.5VSbO6 (c).

(4) Solid solution Fe1−xCrxVSbO6 decomposes in the solid state in
argon at ∼1050 ◦C. The solid products of decomposition of the
investigated solution are CrSbO4 and Fe2O3.
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