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A new hydrated iron(III) vanadate was synthesized by an aqueous route from a V2O5 suspension in boiling

water and iron(III) nitrate. The crystal structure of this well-crystallized yellow solid was solved ab initio from

conventional X-ray powder diffraction data. The unit cell is orthorhombic with a~11.990(3), b~9.496(2),

c~8.339(1) AÊ , Z~4, space group P212121. The re®nement of 70 parameters by the Rietveld method, based on

1413 re¯ections, converged to the R-factors RF~0.044 and Rwp~0.097. The structure of

Fe2(H2O)[V2O7?VO3(OH)] consists of a three-dimensional framework built from corner-sharing bi-tetrahedral

V2O7 and independent tetrahedral VO3(OH) units interconnected with edge-sharing bi-octahedral Fe2O9(H2O)

groups. A thermal study of this compound con®rmed its water content and showed the existence of the

corresponding anhydrous vanadate Fe2V3O10.5, which provides, upon heating, a mixture of the two known

iron(III) vanadates, namely the triclinic FeVO4 and the Fe2V4O13 phases.

Introduction

Only a few well characterized hydrated vanadates of trivalent
elements have been reported in the literature, while a number of
hydrated vanadates with divalent elements have been
described.1 For instance, compounds with the following
chemical formulae have been found: (AlOH)3(VO4)2?7.5H2O,
(AlOH)2V2O7?5H2O and Al6V10(OH)12O28?29H2O,2,3

(ScOH)2V2O7?5.5H2O, Sc6O4(OH)4V10O28?24H2O and
Sc5O2(OH)5V10O28?25.5H2O,4 MVO4?nH2O with M~Cr,5

In,6,7 Al,8,9 Fe,9±11 Y, Nd,9 and Ga,12 M4(V2O7)3?nH2O with
M~In,7 Ga,12 and Cr,13 M2V4O13?nH2O with M~Fe,1 Cr,5

In,6 Ga,12 and Al,14 Cr(VO3)3?nH2O,15 M2V10O28?nH2O with
M~Al, La, Nd, Er, and Yb,16±19 Cr(OH)V12O31?nH2O,20

LnH3V10O28?nH2O;21 with bismuth, three vanadates have been
reported: Bi4V6O21?6.5H2O?1.5NH3, Bi6V2O14?3H2O and
Bi6V4O19?6H2O.22 Two of these compounds are minerals,
steigerite (AlVO4?3H2O)8 and fervanite [Fe4(VO4)4?5H2O],10

which are characterized by their powder diffraction patterns.
The structure of the decavanadates16±19 has been determined.
Some other compounds are amorphous to X-rays and are
precursors of anhydrous vanadates, which are well character-
ized by indexed powder diffraction patterns, e.g. CrVO4,5

InVO4,6 AlVO4, FeVO4, YVO4 and NdVO4,9 Fe2V4O13,1

Cr2V4O13
5 and In2V4O13.6 The other compounds are only

characterized by unindexed powder diffraction patterns, which
does not permit con®rmation of their existence as pure phases
and, therefore, their chemical formula is questionable. These
past few years, some vanadates of trivalent elements were
found to be interesting candidates for anodes in lithium-ion
batteries, especially the triclinic phase FeVO4 and its
amorphous precursor FeVO4?2.7H2O.23 To evaluate the
electrochemical role of water in these compounds, we under-
took a systematic synthesis of hydrated iron(III) vanadates.
Until now, except for the mineral fervanite,10 only amorphous
hydrated iron(III) vanadates have been obtained, namely
FeVO4?2.7H2O23 and Fe2V4O13?4.4H2O.1 In the present
study, we describe the conditions for preparing a novel

crystalline hydrated iron(III) vanadate. Due to the lack of
single crystals, the structure was solved ab initio from X-ray
powder diffraction data collected with a conventional X-ray
source. In addition, the thermal behaviour of this phase is
described.

Experimental

Synthesis

The compound was prepared by using a well-known solution-
chemistry process, denoted method A.1 For example, Tl3VO4

can be easily synthesized this way.24 The general process
involves maintaining a known amount of vanadium pentoxide
as a suspension in boiling water over four hours. A nitrate (or
chloride) solution containing the selected cation is then added
in stoichiometric proportions. However, in our case, some
adjustments were made in order to obtain the vanadate. Thus,
the V2O5 activation stage was carried out over three days; the
iron nitrate hydrate, Fe(NO3)3?9H2O, was then directly added.
In this mixture the Fe : V ratio is equal to 1. The colour of the
insoluble phase, initially orange, changed to yellow after 24 h
of stirring and heating. After three additional days, the yellow
precipitate was separated from the liquid phase, and washed
with deionised water and with acetone. The solid phase was
then dried at 50 ³C in air for three days.

To determine the formula of the compound so-obtained, an
analysis by EDS (energy dispersive spectroscopy) with a Link
Isis, Oxford, apparatus was performed on several particles; a
Fe : V ratio close to 2 : 3 was found. The water content was
obtained by thermogravimetric analysis (see below), and was
consistent with a content of three water molecules.

X-Ray powder diffraction

Precise X-ray powder diffraction data were collected with a
Bruker AXS D5005 powder diffractometer using CuKa1±a2

radiation (lKa1~1.5406, lKa2~1.5444 AÊ ), selected with a
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diffracted-beam graphite monochromator, using the para-
focusing Bragg±Brentano geometry. The powder was mounted
in a top-loaded sample holder25 to minimize preferred
orientation effects. The pattern of the compound was scanned
over the angular range 10±110³ (2h) with a step length of 0.02³
(2h) and a counting time of 40 s step21 up to 32.80³ (2h) and
80 s step21 from 32.80³ (2h) to the end of the scan. The second
range was then scaled to a counting time of 40 s step21. The
peak position of individual diffraction lines was determined
with the Socabim ®tting program PROFILE, available in the
PC software DIFFRACT-AT supplied by Siemens.

Thermal analyses

This compound was also characterized by thermal analyses
using temperature-dependent X-ray powder diffraction, carried
out with a Guinier-LenneÂ camera, operating with CuKa1

radiation. Experiments were performed under air with a
heating rate of 0.1 ³C min21 up to 650 ³C. TG±DTA measure-
ments were performed with a Setaram TGDTA 92 instrument,
using platinum crucibles, a heating rate of 10 ³C min21, under
air, and samples weighing about 20 mg.

Ab initio structure determination

Indexing

Indexing of the X-ray diffraction pattern was carried out by the
successive dichotomy method using the program
DICVOL91.26 The ®rst 20 lines were indexed on the basis of
an orthorhombic cell with the ®gures of merit M20~68 and
F20~117(0.0045,38). The powder diffraction data available
were reviewed with the program NBS*AIDS83,27 from which
the unit cell parameters were re®ned, and the space group
P212121 deduced from the systematic absences. From this

evaluation the cell parameters were a~11.990(3), b~9.496(2),
c~8.339(1) AÊ , V~949.4(2) AÊ 3, Z~4 [M20~57, F30~
76(0.0086,46)]. The powder data will be submitted to the
ICDD28 for possible inclusion in the powder diffraction ®le.

Structure solution and re®nement

Integrated intensities were extracted with the program EXPO29

in the angular range 10±100³ (2h). Among the 600 re¯ections
obtained, 198 were considered as statistically independent
according to the degree of diffraction-line overlap. The
structure-factor amplitudes thus obtained were used for the
structure solution carried out with the direct-methods program
available in the software package. A partial model correspond-
ing to the lowest residual value (17%) was displayed, including
2Fe, 3V and 4O atoms in the asymmetric unit. These atomic
coordinates were used in the program SHELXL-9730 and
several difference Fourier calculations showed the rest of the
structure. A least-square Rietveld re®nement with the program
FULLPROF31 was carried out in the angular range 10±110³
(2h) containing 1413 re¯ections. A pseudo-Voigt function
was used to describe line pro®les, with a variation of the mixing
factor g as a linear function of the 2h angle. As often observed
with powder X-ray diffraction data,32 some instabilities were
encountered with the atomic displacement (thermal) para-
meters, particularly for the lighter atoms. Consequently, they
were constrained to be equal for groups of identical atoms and
then reasonable overall thermal parameters were obtained. The

Table 1 Details of the Rietveld re®nement of Fe2(H2O)[V2O7

VO3(OH)] (R values as de®ned in Langford and LoueÈr)33

Formula weight/g mol21 459.532
Z 4
Density/g cm23 Dx~3.21(1)
Space group P212121 (no. 19)
2h range/³ 10±110
No. of atoms 17
No. of re¯ections 1413
No. of parameters 70
RF 0.044
RB 0.067
Rp 0.071
Rwp 0.097

Table 2 Final atomic coordinates and isotropic atomic displacement parameters (AÊ 2) of Fe2(H2O)[V2O7?VO3(OH)], with esd's in parentheses
(atomic displacement parameters were allowed to vary in the same manner for similar atoms)

Atom x y z Biso

V(1) 0.7916(5) 20.0831(7) 0.7065(8) 2.0(1)
V(2) 0.6147(5) 0.5754(6) 0.5022(11) 2.0(1)
V(3) 0.8971(5) 0.4958(6) 0.5017(13) 2.0(1)
Fe(1) 0.5259(6) 0.8148(8) 0.1895(12) 1.9(1)
Fe(2) 0.9738(6) 0.1955(8) 0.3056(12) 1.9(1)
O(1) 0.888(2) 20.185(2) 0.830(3) 2.5(2)
O(2) 0.658(1) 20.037(2) 0.781(3) 2.5(2)
O(3) 0.786(2) 20.128(2) 0.485(2) 2.5(2)
O(4) 0.843(2) 0.100(2) 0.689(3) 2.5(2)
O(5) 0.752(1) 0.528(2) 0.483(3) 2.5(2)
O(6) 0.605(2) 0.622(3) 0.693(2) 2.5(2)
O(7) 0.519(1) 0.443(2) 0.517(4) 2.5(2)
O(8) 0.576(2) 0.690(2) 0.355(2) 2.5(2)
O(9) 1.149(2) 0.302(3) 0.284(4) 2.5(2)
O(10) 0.955(2) 0.581(3) 0.670(2) 2.5(2)
O(11) 0.971(2) 0.602(3) 0.372(2) 2.5(2)
O(12) 0.929(1) 0.316(2) 0.496(5) 2.5(2)

Fig. 1 Final Rietveld plot for Fe2(H2O)[V2O7?VO3(OH)]. 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
calculated for Bragg re¯ections. In the inset the intensity scale for the
high-angle part of the pattern has been magni®ed by a factor of seven.
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re®nement involved 54 atomic parameters (including 3
isotropic displacement parameters), 1 scale factor, 1 zero
point, 3 cell parameters, 3 half-widths, 1 asymmetry parameter,
5 background polynomial parameters and the two parameters g
and x characterizing the pseudo-Voigt function. The ®nal
re®nement converged to the residual factors RF~0.044 and
Rwp~0.097. Details of the Rietveld re®nement are given in
Table 1 and ®nal atomic coordinates in Table 2. Fig. 1 shows
the best agreement obtained between calculated and observed
patterns. Selected bond lengths and angles are listed in Table 3.

Description of the structure and discussion

From Table 3, it unambiguously appears that the three
pentavalent vanadium ions are surrounded by a tetrahedron
of oxygen atoms, and the two trivalent iron ions by an
octahedron of oxygen atoms. The disposition of these
polyhedra is particular. As O(5) is common to V(2)O4 and
V(3)O4 tetrahedra, a divanadate (or pyrovanadate) ion, V2O7,
exists (Fig. 2); the V(2)±O(5)±V(3) angle measures 168(2)³
(Table 3). In this compound, two vanadate anions are present;
a divanadate V2O7 and a vanadate VO4. In the latter,
corresponding to a V(1)O4 tetrahedron, the longest V±O
bond is V(1)±O(3); this oxygen atom probably belongs to a
hydroxyl group to form a VO3(OH) group.

From Table 3, we can see that the oxygen atoms O(7) and
O(12) belong to the two FeO6 octahedra, Fe(1)O6 and Fe(2)O6;
thus, these octahedra are linked together by their common edge
O(7)±O(12) (Fig. 3). The longest Fe±O bond is Fe(2)±O(9); this
oxygen atom, in an axial position in this octahedron, probably
corresponds to the oxygen of a water molecule. Therefore, the
structural formula of this new hydrated iron(III) vanadate(V) is:
Fe2(H2O)[V2O7?VO3(OH)]. The hypothesis considering O(3) as

Fig. 2 View of the corner-sharing bi-tetrahedral V2O7 and tetrahedral
VO3(OH) in Fe2(H2O)[V2O7?VO3(OH)].

Table 3 Interatomic distances (AÊ ) and angles (³) in Fe2(H2O)[V2O7

?VO3(OH)]a

VO4 tetrahedra
V(1)±O(1) 1.82(2) O(1)±V(1)±O(2) 120(2)
V(1)±O(2) 1.77(2) O(1)±V(1)±O(3) 117(2)
V(1)±O(3) 1.90(2) O(1)±V(1)±O(4) 109(2)
V(1)±O(4) 1.85(2) O(2)±V(1)±O(3) 111(2)

O(2)±V(1)±O(4) 95(1)
mean 1.84(2) O(3)±V(1)±O(4) 99(1)
V(2)±O(5) 1.71(1) O(5)±V(2)±O(6) 103(2)
V(2)±O(6) 1.65(2) O(5)±V(2)±O(7) 117(1)
V(2)±O(7) 1.71(2) O(5)±V(2)±O(8) 111(2)
V(2)±O(8) 1.71(2) O(6)±V(2)±O(7) 95(2)

O(6)±V(2)±O(8) 120(2)
mean 1.70(2) O(7)±V(2)±O(8) 110(2)
V(3)±O(5) 1.78(1) O(5)±V(3)±O(10) 112(2)
V(3)±O(10) 1.76(2) O(5)±V(3)±O(11) 110(2)
V(3)±O(11) 1.72(2) O(5)±V(3)±O(12) 113(2)
V(3)±O(12) 1.75(2) O(10)±V(3)±O(11) 92(2)

O(10)±V(3)±O(12) 112(2)
mean 1.75(2) O(11)±V(3)±O(12) 116(2)

FeO6 octahedra
Fe(1)±O(1i) 2.07(2) O(1i)±Fe(1)±O(4ii) 170(2)
Fe(1)±O(4ii) 1.77(2) O(1i)±Fe(1)±O(7iii) 94(2)
Fe(1)±O(7iii) 2.17(3) O(1i)±Fe(1)±O(8) 87(2)
Fe(1)±O(8) 1.91(2) O(1i)±Fe(1)±O(10iv) 90(2)
Fe(1)±O(10iv) 1.76(2) O(1i)±Fe(1)±O(12ii) 78(2)
Fe(1)±O(12ii) 2.11(4) O(4ii)±Fe(1)±O(7iii) 88(2)
mean 1.97(3) O(4ii)±Fe(1)±O(8) 90(2)

O(4ii)±Fe(1)±O(10iv) 100(2)
O(4ii)±Fe(1)±O(12ii) 92(2)

O(7iii)±Fe(1)±O(8) 174(2) O(8)±Fe(1)±O(10iv) 91(2)
O(7iii)±Fe(1)±O(10iv) 95(2) O(8)±Fe(1)±O(12ii) 96(2)
O(7iii)±Fe(1)±O(12ii) 78(1) O(10iv)±Fe(1)±O(12ii) 166(3)
Fe(2)±O(2v) 2.19(2) O(2v)±Fe(2)±O(6ii) 101(2)
Fe(2)±O(6ii) 2.19(2) O(2v)±Fe(2)±O(7vi) 80(2)
Fe(2)±O(7vi) 2.06(3) O(2v)±Fe(2)±O(9) 160(2)
Fe(2)±O(9) 2.34(2) O(2v)±Fe(2)±O(11vii) 82(2)
Fe(2)±O(11vii) 1.85(2) O(2v)±Fe(2)±O(12) 106(2)
Fe(2)±O(12) 2.03(4) O(6ii)±Fe(2)±O(7vi) 159(2)
mean 2.11(3) O(6ii)±Fe(2)±O(9) 91(1)

O(6ii)±Fe(2)±O(11vii) 101(2)
O(6ii)±Fe(2)±O(12) 77(2)

O(7vi)±Fe(2)±O(9) 95(2) O(9)±Fe(2)±O(11vii) 80(2)
O(7vi)±Fe(2)±O(11vii) 100(2) O(9)±Fe(2)±O(12) 93(2)
O(7vi)±Fe(2)±O(12) 82(1) O(11vii)±Fe(2)±O(12) 172(3)

Interconnection distances and angles
V(1)±V(2viii) 4.23(2)
V(1)±V(2ix) 4.25(2)
V(1)±V(3x) 4.52(2)
V(1)±V(3viii) 4.53(2)
V(1)±Fe(1xi) 3.36(2) V(1)±O(1)±Fe(1xi) 61(2)
V(1)±Fe(1vi) 3.67(2) V(1)±O(1)±Fe(1vi) 141(2)
V(1)±Fe(2xiv) 3.46(2) V(1)±O(2)±Fe(2xiv) 121(2)
V(2)±V(3) 3.47(2) V(2)±O(5)±V(3) 168(2)
V(2)±Fe(1) 3.62(2) V(2)±O(7)±Fe(1) 50(2)

V(2)±O(8)±Fe(1) 177(2)
V(2)±Fe(1xii) 3.40(2) V(2)±O(7)±Fe(1xii) 121(2)

V(2)±O(8)±Fe(1xii) 64(2)
V(2)±Fe(2i) 3.47(2) V(2)±O(6)±Fe(2i) 78(2)

V(2)±O(7)±Fe(2i) 134(2)
V(2)±Fe(2xi) 3.50(2) V(2)±O(6)±Fe(2xi) 131(2)
V(2)±O(7)±Fe(2xi) 55(2)
V(3)±Fe(1xv) 3.50(2) V(3)±O(10)±Fe(1xv) 169(2)
V(3)±O(12)±Fe(1xv) 44(2)
V(3)±Fe(1xi) 3.46(2) V(3)±O(10)±Fe(1xi) 67(2)

V(3)±O(12)±Fe(1xi) 128(2)
V(3)±Fe(2) 3.41(2) V(3)±O(11)±Fe(2) 61(2)

V(3)±O(12)±Fe(2) 129(2)
V(3)±Fe(2xvi) 3.54(2) V(3)±O(11)±Fe(2xvi) 165(2)

V(3)±O(12)±Fe(2xvi) 45(2)
Fe(1)±Fe(2xiii) 3.20(2)
aSymmetry code: (i): x21/2, 1/22y, 12z; (ii): 1.52x, 12y, z21/2; (iii):
12x, yz1/2, 1/22z; (iv): x21/2, 1.52y, 12z; (v): 1.52x, 2y, z21/2;
(vi): xz1/2, 1/22y,12z; (vii): 22x, y21/2, 1/22z; (viii): x, y21, z; (ix):
1/2zx, 1/22y, 12z; (x): 22x, y21/2, 1.52z; (xi): 1.52x, 12y, 1/2zz;
(xii): 12x, y21/2, 1/22z; (xiii): 1.52x, 12y, z21/2; (xiv): 1.52x, 2y,1/
2zz; (xv): 1/2zx, 1.52y, 12z; (xvi): 22x, 1/2zy,1/22z. Fig. 3 View of the edge-sharing bi-octahedral Fe2O9(H2O) group in

Fe2(H2O)[V2O7?VO3(OH)].
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an oxygen of a hydroxyl group and O(9) as an oxygen of a
water molecule was con®rmed when the linkage of all the VO4

tetrahedra and the FeO6 octahedra was determined. Thus, the
V(1)O4 tetrahedron is linked to the FeO6 octahedra by three
vertices O(1), O(2) and O(4); the fourth oxygen atom O(3) is
free. The only O atom of the FeO6 octahedra which is not
common to the VO4 tetrahedra or/and another FeO6

octahedron is the oxygen O(9), which is bonded to Fe(2).
Therefore, the structure of this compound consists of V2O7,
VO3(OH) and Fe2O9(H2O) groups, which are linked together
to form a three-dimensional network (Fig. 4). Tunnels parallel
to the [001] direction exist in this structure, as shown in Fig. 5.

Such a complex vanadate ion is not common. To our
knowledge, only one example has been reported for the cobalt-
ethylenediamine-vanadate: [Co(en)3]3z

2V2O7
42HVO4

22?
6H2O,34 the structure of which was determined from single-
crystal X-ray diffraction data. It is of interest to note that, in
the cobalt compound, the values of the V±O distances in the
VO4 tetrahedra are between 1.594±1.817 AÊ , while in the iron
vanadate, the distances are signi®cantly longer, from 1.65 to
1.90 AÊ . In both cases, the longest distance corresponds to the
bond of a vanadium atom with an oxygen of a hydroxyl group.
These differences are probably due to the existence of isolated
vanadate anions in the cobalt compound, where almost all the
oxygen atoms are only bonded to vanadium atoms, while in the
compound studied here they are also bonded to iron atoms.

Under atmospheric pressure, the structure of two iron(III)
vanadates has been described, the triclinic FeVO4

35 and
Fe2V4O13

36 phases. In the ®rst compound, the Fe atoms
have an octahedral and a trigonal bipyramidal environment,
while in the second material the structure contains edge-sharing
bi-octahedral Fe2O10, which can be compared with the
Fe2O9(H2O) units existing in the vanadate studied here. The
mean values of the Fe±O bonds are almost the same in the two
compounds, 2.02 and 2.11 AÊ 36 instead of 1.97 and 2.11 AÊ

(Table 3), even though the Fe±O distances range from 1.89 to

2.21 AÊ 36 instead of 1.76 to 2.34 AÊ here. In fact, the last distance
corresponds to the Fe±OH2 bond (Table 3).

Thermal properties

The thermogravimetric curve displayed in Fig. 6 shows that a
weight loss starts from 120 ³C and ®nishes around 280 ³C. It
corresponds to the content of water molecules in the formula of
this compound (observed weight loss 5.65%, theoretical
5.87%). Simultaneously, a large endothermic effect is observed
on the DTA curve. The three additional thermal effects
appearing on this curve can be interpreted from both the results
of the temperature-dependent X-ray diffraction photograph
(Fig. 7) and the binary Fe2O3±V2O5 phase diagram.37,38 In
Fig. 7, the diffraction patterns have been attributed to
Fe2(H2O)[V2O7?VO3(OH)] up to 265 ³C, where a new anhy-
drous phase with the formal composition Fe2V3O10.5 appears.
At about 415 ³C, the main lines of the patterns of the two
anhydrous iron vanadates FeVO4 and Fe2V4O13, which are
stable phases in the Fe2O3±V2O5 phase diagram,37,38 are
observed. Around 650 ³C, a partial melting of the solid occurs.
A possible explanation of the thermal features on the DTA

Fig. 4 Projection of the structure of Fe2(H2O)[V2O7?VO3(OH)] on the
(010) plane, showing the interconnection of groups forming a three-
dimensional framework.

Fig. 5 Projection of the structure of Fe2(H2O)[V2O7?VO3(OH)] on the
(001) plane, showing tunnels parallel to the c direction.

Fig. 6 TG and DTA curves of Fe2(H2O)[V2O7?VO3(OH)], heating rate
10 ³C min21.

Fig. 7 Guinier±LenneÂ photograph of Fe2(H2O)[V2O7?VO3(OH)], heat-
ing rate 0.1 ³C min21.
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curve can be proposed; the dehydration of the hydrated iron
vanadate gives the new anhydrous crystalline vanadate
Fe2V3O10.5. The strong exothermic phenomenon at about
450 ³C is likely due to the decomposition of this compound,
which is not a stable phase in the Fe2O3±V2O5 binary
system.37,38 The next two endothermic effects, which are
reversible, correspond to the two peritectic reactions of
Fe2V4O13 (67 mol% V2O5, 700 ³C) and FeVO4 (50 mol%
V2O5, 900 ³C) observed in the Fe2O3±V2O5 binary system37,38

for the composition corresponding to the studied vanadate,
60 mol% V2O5. Powder diffraction data of the anhydrous
phase were collected at room temperature from a sample
prepared at 300 ³C, and then cooled at room temperature.
Although the quality of the diffraction data is moderate, the
powder diffraction data were indexed by the program
DICVOL91,26 leading to the monoclinic solution:
a~12.167(3), b~9.210(3), c~8.267(5) AÊ , b~95.95(4)³,
V~921.4(5) AÊ 3 [M27~23, F27~51(0.0094,57)]. The powder
data will be submitted to the ICDD28 for possible inclusion in
the powder diffraction ®le. The cell parameters are somewhat
related to those reported for the hydrated phase; however,
attempts to solve the crystal structure from powder data were
unsuccessful.
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