JOURNAL OF SOLID STATE CHEMISTRY 118, 93-98 (1995)

Crystal Structure of a Metastable Form of Indium
Orthovanadate, InVO,-I

M. Touboul' and K. Melghit

Laboratoire de Réactivité et de Chimie des Solides, URA CNRS 1211, Université de Picardie Jules Verne, 33 rue Saint-Leu, 80039 Amiens
Cedex, France

and

P. Bénard and D. Louér

Laboratoire de Chimie du Solide et Inorganique Moléculaire, URA CNRS 1495, Université de Rennes I, Avenue du Général Leclerc, 35042
Rennes Cedex, France

Received September 12, 1994; in revised form January 18, 1995; accepted January 19, 1995

The compound InVO,-1 has been obtained with a good purity
level from a chimie douce process. Using X-ray powder diffraction
data, its crystal structure has been determined by analogy with
isostructural compounds crystallizing with the so-called a-Mn-
MoQ, type structure. The crystal symmetry is monoclinic (space
group C2/m) and the unit cell parameters are ¢ = 10.271(1) A,
b =9.403(1) A, ¢ = 7.038(1) A, and 8 = 105.08(1)°. The structure
has been refined by the Rietveld method (Ri = 0.030 and R,, =
0.098 for 360 reflections), The structure is based on compact In,Oy4
groups of four edge-sharing InO; octahedra linked to each other
by VO, tetrahedra. Each InyO; cluster contains two Inl0y; and
two other In20, octahedra and the corresponding Inl1-O and
In2—0 mean distances are 2.14 and 2.17 A. The mean value for
the V-0 bond length is 1.71 A. Relationships with the stable
indium vanadate and related phases are discussed. © 1995 Academic
Press, Inc.

INTRODUCTION

Among the known varieties of indium vanadate only
the crystal structure of the stabie form, InVO,-III, was
established from single-crystal diffraction data (1). In or-
der to compare it with the structure of the metastable
form, InVO,I (2), several attempts were made to obtain
a pure and well-crystallized phase. In a recent study (3),
we reported the synthesis of some indium vanadates, in-
cluding the preparation of InVO,-I by the heating of an
amorphous precursor. This precursor was synthesized by
chimie douce from solutions of xerogel (V,0; - 1.6H,0)
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and indium nitrate or, alternatively, from solutions of
ammonium vanadate and indium nitrate (2, 4) or indium
chloride (5). From infrared spectroscopy, Roncaglia ef al.
(5) found an analogy between InVO,-I and compounds
crystallizing with the so-called a-MnMoO, type structure
(6, 7). The quality of the reported powder diffraction data
(4, 5) was generally moderate and additional diffraction
lines due to impurities, ¢.g.. In,;O; (5), were often de-
tected. Nevertheless, by using the new method of synthe-
sis described by Touboul ef al. (3), a pure sample of the
metastable phase InVO,-1 with a better crystallization was
obtained. As a consequence, the crystal structure of this
phase was investigated from powder diffraction. This
study deals with the crystal structure determination of
InVO,-1 from powder diffraction data, collected with
monochromatic X rays, and the structural relationships
with related phases.

EXPERIMENTAL

Synthesis

The amorphous phase, precursor of InVO,-1, was syn-
thesized by mixing a soiution cf indium nitrate, In(NQ,), -
4.5H,0, with a boiling solution of xerogel V,05 - 1.6H,0.
The xerogel was obtained after drying, at room tempera-
ture, the gel formed from a solution of vanadic acid. This
solution was prepared by acidification of a sodium vana-
date (NaVO;) solution obtained by passing it through a
cation (H") exchange resin. After stirring the boiling mix-
ture for a few minutes a precipitate with the formula
InVO, - 2.4 H,0 was obtained. After annealing at 400°C
for 6 hr a crystalline phase of InVO,-I was obtained.
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X-Ray Diffraction Data Collection

X-ray powder diffraction data were collected at 23°C
with a Siemens D500 powder diffractometer, using the
Bragg-Brentano geometry. Monochromatic CuKe; X
rays were obtained using an incident-beam germanium
monochromator with asymmetric focusing (short focal
distance, 124 mm; long focal distance, 216 mm). The spec-
imen surface area was completely illuminated at about
12°(26). The alignment of the diffractometer was checked
by means of standard reference materials and the accu-
racy at low angles was evaluated using 00/ reflections
of fluorophlogopite mica reference material from NIST
(SRM 675). The zero error was measured as less than
0.01° (26). The instrumental resolution function (IRF) for
this conventional powder diffractometer, obtained from
an annealed barium fluoride sample, shows a shallow min-
imum at about 40° (26), with a FWHM value of 0.065°
(26) (8). The powder diffraction pattern was scanned in
steps of 0.02° (26) over the angular range from 9 to 100°
(26) and a fixed counting time (12 sec) was employed.
After data collection, the stability of the incident X-ray
beam was checked by recording the first lines of the pat-
tern. No significant preferred orientation effects were de-
tected. From the fitting by pseudo-Voigt functions of some
individual diffraction lines, in the low angle range
12-40°(26), the average FWHM value 0.25°(26) was ob-
tained. With regard to the IRF, it is an indication that the
sample exhibits important diffraction line broadening due
to intrinsic size and/or microstrain effects. However, the
quality of the pattern was not good enough for a detailed
analysis of these crystal imperfections.

Structure Determination

The indexing of the powder diffraction pattern of
InVO,-1 was reported recently (3). The unit celi was found
to be monoclinic with the figures of merit M,; = 21 and
F3, = 46(0.009, 75). From this solution apparent isostruc-
tural relationships have been detected with a-MnMoO,
(6)(a=10469A, b =9516 A, c=7.143 A, B =106.3°,
and space group (2/m), B-CdCrO,, and g-MgCrO, (7).
After refinement of the unit cell parameters by the pro-
gram NBS*AIDS83 (9), from the powder diffraction data
available in the pattern, the cell parameters of InVO,-I
area = 1027 A, b= 9.403(01) A, c=T7081HA,B8=
105.08(1)°, and V = 656.3(1) A* and the corresponding
figures of merit, taking into account the absences due to
the space group C2/m, are M,, = 41 and Fy, = 73(0.0096,
43). The observed density, 4.650 g - cm 3, is in agreement
with the calculated value, 4.672 g - cn =3, for Z = 8, The
atomic coordinates of a-MnMoQ, (6) were used as starting
parameters for the structure refinement of InVO,-I, as-
suming the space group C2/m. They were input in the
program FULLPROF (10), derived from the Rietveld pro-

TABLE 1
Details of Rietveld Refinement for InVQ,-I

Space group C2im
Z 8

Wavelength (A) 1.540598
Step scan increment (°) (26) 0.02
2¢ Range () 9-100
No. of reflections 360
No. of profile parameters 14
No. of structural parameters 25
No. of atoms 9

Re 0.030
Ry 0.037
R, 0.074
Ry, 0.098

Note. The R factors are defined as

_ Z|Hobs)”? — Icale)'?|

Re SHobs)"?

3 |I{obs) — I(calc)

R =
B ZHobs)

R = > |yilobs) = (le)ycalc)|
’ 3y(obs)

R - [Em;{yi(obs) - (ll'c)y,-((:alc)]z]”2
® 2 alyobs)? '

gram DBW3.25(8804) (11), running on a PC computer.
The final refinement, carried out in the range 9—100°(28),
involved the following parameters: one scale factor, 24
structural parameters including five isotropic temperature
factors (the temperature factors of the oxygen atoms were
allowed to vary in the same manner), one mixing parame-
ter to define a #-dependent pseudo-Voigt profile shape,
three half-width parameters (L7, V, W) to describe the
angular dependence of the peak FWHM using the usual
quadratic form in tan §, one zero-point, four unit-cell
dimensions, and five coefficients in a polynomial function
describing the background. The details of the refinement
are given in Table 1. Figure 1 displays the final Rietveld
plot showing the good agreement between observed and
calculated patterns. This fit corresponds to satisfactory
profile factors (RlJ = 0.074, R,,, = 0.098) and structure
model indicators (Rp = 0.037, R = 0.030). This result
confirms the isostructural relationships with a-MnMoQ,,
B-CdCr0Q,, and 3-MgCrQ,. The final atomic parameters
are given in Table 2 and selected bond distances and
angles are given in Table 3.

RESULTS AND DISCUSSION

The structure of the metastable form InVO,-1 can be
described from that of a-MnMoOQ, by replacing the two
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FIG. 1.

Final Rietveld plot for InVO,-1. The upper trace shows the observed data as dots and the calculated pattern is shown by the solid

line. The lower trace is a plot of the difference: observed minus calculated. The vertical markers show the positions caiculated for Bragg reflections.

crystallographically independent Mn atoms by two In
atoms, Inl and In2, and the two Mo atoms by two V
atoms, V1 and V2. The two In atoms are octahedrally
coordinated by oxygen atoms and the V atoms are sur-
rounded by distorted oxygen tetrahedra (see Table 3). It

TABLE 2
Atomic Coordinates and Isotropic Thermal Parameters (A%
with Their Standard Deviations for InVO,-I

Atom X ¥ z B,
Inl 0.0 0.1875(3) 0.5 0.3(1)
In2 0.7907(3) 0.0 0.1313(5) 0.9(1)
Vi 0.0 0.2563(7) 0.0 0.7(2)
V2 0.2737(9) 0.0 0.402(1) 0.3(2)
o1 0.141(2) 0.5 0.541(4) 0.2(2)
(8] 0.789(2) 0.0 —0.169(4) 0.2(2)
03 0.636(2) 0.153(1) 0.107() 0.2(2)
04 0.044(2) 0.161(2) (.808(3) 0.2(2)
05 0.136(2) 0.350(2) 0.522(2) 0.2(2)

. can be noted that the structure of the stable orthorhombic

phase InVO,-III is also characterized by the two basic
InO, and VO, units (1). Figure 2a represents a partial
projection of the structure on the ab plane, in which VO,
groups are omitted for clarity and Fig. 2b is the projection
of these VO, tetrahedra on the same plane. The (001)
octahedral projection shows that the structure of
InVO,-I consists of In,Oy, clusters of four edge-sharing
InQ, polyhedra linked to similar units, in the direction of
the c-axis, through the VO, groups shown in Fig. 2b.
Each In,O,, group is formed by one pair of In10; octa-
hedra joined by a common edge O1-01 running along the
[010] direction, with Inl atoms at z;;, = 0.50, and two
In20, polyhedra on both sides of the pair, located at z,, =
0.13 and z;,, = 0.87 (see Fig. 2a). Each In20, polyhedron
shares their two O1-04 edges with one pair of In1Q.
Similar descriptions were recenily reported for a-Mn-
MoQ, (12) and the solid solutions Cr Fe,_ VO, 1 (13, 14)
in order to explain the magnetic behavior in these materi-
als. The five independent oxygen atoms in InVQ,-I may be
divided into three groups according to their coordination
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mode in the structure: 02, O3, and O3 atoms common to
one octahedron and one tetrahedron, 04 shared by two
different octahedra (In10, and In20,) and one tetrahe-
dron, and Ol common to three octrahedra (two In10 and
one In20;) and one tetrahedron V2Q, (Fig. 3). This feature
is consistent with the distribution of the In-O distances
in which the five In-O mean values range according to
the sequence In-05 (2.05 A) < In-02 (2.11 A) < In-03
(2.12 A) < In-04 (2.17 A) < In-01 (2.24 A). The In,Oy
entities do not exist in the structure of the orthorhombic
stable phase InVOQ,-III (1), which is built from chains of
equivalent InO, octahedra linked together by VO, tetrahe-

TABLE 3
Selected Interatomic Distances (A) and Angles (°) with Their
Standard Deviations for InVO,-1

Within the InQO4 octahedra

o1 In2 L 2.233)
Inl _ou 225 In2 _02 2.113)
Ini o 2.112) In2 o 2.123)
_ _Oall
Inl _8; 2.05(2) In2 _gjw 2.232)

Mean Inl-0 distance = 2.14 Mean In2-0 distance = 2.17

Ol1-  Inl -0 77D o1 W2  -02 163010}

-04 9D -03  96(1)

—04L  90(1) —03W gg(1)

Ot- Inl  -04 90(1) —048  77(1)

-04' 79D -4 771

0l- Inl  -05 100(1) 02- Iz -03  96(2)

05t 175310) —03M  96(2)

O1- Inl -05 1750) -04"  90(1)

05t 100(1) —04v  90(1)

04— Inl  -04  166(9) 03- Inz -03U 85(1)

-05 931 —041  94(])

=051 9%(1) -04%Y  174(10)

O4-  Inl -05 97(1) o3M_ 2 —040  174(10)

-05t 931 -04V  94(1)

05- Inl  -0Os! 841 04 2  -04V 86(1)

Within the VO, tetrahedra

-03¥ V2 -01 1.87(3)

vi _oav 1.64(2) V2 _ovt 1.5903)
I 1X

vl :gi"" 1.78(2) V2 :8;,( 1.69(2)

Mean V1-0 distance = 1.71 Mean V2-0 distance = 1.71

0= VI -03  117) O~ V2 -0 113(3)
o= vi 9% los) ol- vz 9
- _04¥il _0O5X%
_od! _osiX
VI —_
oM Vi O 106) o vz 0% 1
Od— VI -0 1192) 0s%- V2 —0sX  113(2)

Note. Symmetry code: I, —x,», 1 — 1L 1 —x,y, 1 — z IIL x, -y,
oIV, l-x,~yt-zV,x—-4 -y, VLt —x, -y, —z VI,
Ly~ LVIILl-xy -5 IX d-xb-y1l-X x-by-
L1l -2z

In2 ’rl
b
0.13 _1/2 0.87
¢ a
FIG. 2a. Partial projection of the structure of InVO,I on the ab

plane showing only InOy octahedra in terms of In.O clusters; the z
coordinates of indium atoms of one InyO,4 group are indicated.

dra. The DIn—O distances spread in the range 2.160(3) to
2.162(3} A, showing that distortions within the polyhedra
InQO¢ may be considered negligible within one standard
deviation. In the structure of the metastable phase
InVO,1, there is a significant variation in the In-0 dis-
tances (from 2.05 to 2.25 A), particularly within the Inl
coordination sphere which exhibits two short bond
tengths (2.05 A), two medium bond lengths (2.11 A), and
two longer bond lengths (2.25 A). Although it is known
that the accuracy of the atomic positions derived from
powder diffraction data cannot rival the precision reached
from single-crystal data, it is interesting to note that simi-
lar Mn1-O bond lengths were found for a-MnMoQ,
(2.098, 2,148, and 2.252 ;\) (6). The sixfold coordination
sphere is slightly less distorted for In2, with three bond
lengths close to 2.12 A and three others equal to 2.23 A,

c a

FIG. 2b. Partial projection of the structure of InVO,-I on the ab

plane showing only vanadate tetrahedra,
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FIG. 3. Structure of InVO,-1 in the (102) plane showing one InGy,
group sharing 2l its corners with 16 independent VO, tetrahedra. The
positions of indium and vanadium atoms are indicated by small circles.

whereas for a-MnMoO, the Mn2-0 distances are in the
range 2.0?1—2.227 A {6). The corresponding mean value,
2.164(7) A, compares well with that obtained for InVO,-1,
i.e., 2.16(2) A. This last value is in accordance, within
one standard deviation, with the mean value (2.18 A)
commonly found in InQ), octahedra (see Ref. 1). The devi-
ation of the octahedra from O, symmetry, though smaller,
is also observed in the solid solutions Cr.Fe,_,
VO, I(x = 0.20, 0.25, 0.50, 0.75, and 0.80) (13, 14).

There are two independent VO, tetrahedra in the asym-
metric unit cell of InVO,-I. Both V10, and V20, groups
play a major role in bridging the in0, clusters between
them. As displayed in Fig. 3 they are involved in the 16
corners of each InjO unit and each tetrahedron shares
four different In,0,, clusters. The V20, group differs from
V10, by one oxygen common to three octahedra from
the same In,Oy¢ unit. The maximum deviations of V-Q
lengths from the mean value (1.71 A) are 0.07 and 0.16 A
for V1-0and V2-0, respectively. The individual O- V-0
angles vary from 104 to 119°, with mean values (109.66°
for O-V1-0 and 109.33° for O-V2-0) close to the ideal
tetrahedral angle. It can be noted that V20, is more dis-
torted (V2—0O distances in the range 1.59-1.87 A) than
V10, (V1-0 distances: 1.64 and 1.78 A). These results
compare weﬂll with the values observed in InVO,-I11 (1.662
and 1.791 A). Moreover, the two identical mean V-0
distances (1.71 A) agree well with those reported for
Cr,Fe,_ VO, 1(1.723 A for x = 0.2) (13).

The results of the bond—valence calculations (15) from
the InVO,- 111 and InVO,-I structures are given in Table
4, For InVO-I1I the bond-valence rule is fully respected
while the agreement is not as good for InVO,-1, particu-
larly for O2, Inl, and V atoms. This deviation can be
expected in crystal structures derived from powder dif-
fraction.

As indicated before, some divalent metal molybdates
and chromates have a structure simifar to that of InVQ,-I:
B-MgCrQ, and B8-CdCrQ,, which were found in the
study of the MO—-Cr,0,-0 systems (M = Mg, Cd) at high
oxygen pressure (7, 16); a-MnMoQ,, MgMoQ,, FeMoQ,,
CoMoQ,, and NiMoOQ, (6, 17~21), which were generally
synthesized by the classical ceramic route from a mixture
of oxides. Some of these compounds also crystallize with
another structure: wolframite type {monoclinic) for Mg-
Mo0,, MnMoO,, CoMoO, (22); scheelite type (tetrago-
nal) for CdCrO, (23) synthesized under very high pressure
(40-60 kbars); and InVO,-1I1 type for some chromates
such as o-CdCrQy, o-MgCrO,, and NiCrQ, (7). Finally,
it is interesting to compare the conditions of synthesis for
the different forms of MCrO, (M = Mg, Cd) and InVO,.
The phases a-MCrO,, with the InVO,-I1I type structure,
were obtained under 1 kbar oxygen pressure at
500-600°C, while the phases 8-MCrO, (InVO,-1 type
structure) were obtained under the same pressure but at
higher temperature (700-800°C) (7). Moreover, different
forms of InVO, can be obtained by heating the amorphous
phase InVO, - 2.4H,0 according to the transformation
scheme (3): ’

100°C 520°C
InvVQ, - 2.4H,0— InVO, — InVO,1

amorphous monaciinic
610°C 680°C
— [InVO,- Il — InVO-IIL

orthorhembic

However, the phase InVO,-I1 has not been characterized
because it exists in a narrow temperature range. There is

TABLE 4
Bond—Valence Calculations for InVQ,-11I (a) and InVO,-I (b)

{a)

(0] 02 Zexp Zth
In 0.50 x 4 0.50 x 2 3 3
v 1.03 x 2 1.46 x 2 4.98 5
Zexp 2.03 1.96
Zth 2 2
)]
01 02 03 04 03 Zexp Zth
Inl 039 %2 057 x2 067Tx2 326 3
in2 0.41 0.57 055 x2 041 x2 2.9 3
A2 1.5 x2 1.06x2 5.22 5
V2 0.83 1.78 1.36 x2 533 5§
Texp 2.02 235 241 2.04 2.03
Zth 2 2 2 2 2

Note. 5 = exp Iry, — r)/B] with B = 0.37 and ry = 1.902 A for In**,
ra = 1.803 A for V** (from Ref. 15). For InVO,-III, all data were taken
from Ref. (1).
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no comparable study of the transformations in the divalent
metal chromates and molybdates, even though CdCrO,
exists under three forms. It is also interesting to note
that the solid solutions Cr, Fe,_,VOQ,-I, which have the
a-MnMoO, (and InVO,-I) type structure at atmosphere
pressure, exhibit a reversible transformation, at 3000 atm
pressure, into an InVO 111 type structure (13). A behavior
analogous to that of InVO, was recently reported for
CrvO, (24). A new form, CrVO,1, with the a-MnMoOQ,
type structure was synthesized by chimie douce, leading
by heating to the stable form, CrvQ,-1II, with the same
structure as InVO,-III (25). All these results show that
several structural types may be encountered in the ABO,
compounds (wolframite, scheelite, InVO,], and
InVO,-IIT structural types}, but the preparative conditions
to predict the structure of a phase are not still clear.

To conclude, although the X-ray powder diffraction
pattern of the metastable phase of indium vanadate exhib-
its significant diffraction line broadening, its crystal struc-
ture has been determined with enough precision for a
discussion of the structural features. The resuli sheds new
light on the complex chemistry of indium vanadates.
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