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Abstract

When the solubility products or other thermodynamic data are not known, the optimum experimental procedures for
preparing complex mixed oxides/hydroxides can be approximately predicted by extrapolation of the solubility behaviours of
individual metal ions in aqueous solutions. This simple approach determined a probable co-precipitation domain ranging from
pH = 0.7 to pH = 4 for F&-VV—H,0 system. To control the kinetic aspect of condensation mechanisms in order to obtain
crystallized compounds, three different experimental protocols were developed leading to successful syntheseg: of FeVO
1.1 H0, FeV40,,-3 H,O and Fe\\O4-2.6 H,O. These vanadates were characterized by X-ray diffraction (XRD), thermal
analysis, scanning or transmission electron microscopy (SEM/TEM), and Brunauer-Emmett-Teller (BET) surface area measure-
ments. The results notably revealed that FgMA H,O and Fe\(O4-2.6 H,O have close structural similarities with two
minerals fervanite and kazakhstanite, respectivedycite this article: P. Poizot et al., C. R. Chimie (2003) 125-134.
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Résumé

Lorsque I'on ne dispose pas de données thermodynamiques suffisantes pour définir rigoureusement les conditions de stabilité
de précipités mixtes (oxydes ou hydroxydes), il est cependant possible de proposer une approche graphique basée sur la
superposition et I'extrapolation des diagrammes de solubilité apparente propres a chaque hydroxyde/oxyde simple. Cette
méthode empirique a permis de définir pour le systémé-/&&—H,O un domaine probable de co-précipitation, compris
approximativement entre pH = 0,7 et pH = 4. Afin d’obtenir des vanadates(V) de fer(lll) cristallisés, il est nécessaire de contrdler
I'aspect cinétique de la condensation. Trois différents protocoles expérimentaux ont ainsi été développés ; ils ont permis
I'élaboration de FeVQ1,1 HO, FgV40,,-3 HO et Fe\,0,-2,6 H,0O. Ces vanadates ont été caractérisés par diffraction des
rayons X sur poudre, analyses thermiques, microscopie électronique a balayage ou en transmission, et par mesure de surface
BET. Les résultats obtenus révélent, notamment, que FelVOH,O et Fe\,Oq:2,6 H,0 présentent des similitudes structurales
avec deux minéraux, la fervanite pour le premier et la kazakhstanite pour le sBoanditer cet article: P. Poizotetal., C. R.
Chimie (2003) 125-134.
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1. Introduction

Dueto its various stable oxidation states (+2 to +5),
vanadium combines with many elementsleading to the
preparation of numerous new compounds each year.
More specifically, vanadium in its higher oxidation
state (VV) is well known to easily condense in solid
state as well as in solution, giving many isopolyvana
dateswith alarge variety of structures. Asaconse-
guence of arich structural chemistry, vanadates exhibit
many interesting properties in various research areas.
For example, some are promising catalysts such as
Mgy(VO,), for dehydrogenation of alkanes [2])
whereas others show unusual therapeutic activities| 3]}

Since ldota's studies on rechargeable Li-based cells
a new interest in vanadium oxides, as candidates
for negative electrode applications, has appeared. In-
deed, specific capacities as high as 800 mA hg™ are
reached when severa vanadates-based electrodes are
reduced to potentials lower than 0.2 V vs Li*/Li°.
Therefore, searching for better materials, many groups
and we focused on vanadates syntheses
using various approaches ranging from classical ce-
ramic route to chimie douce processes. Recently, to
determine the influence of water content in these vana-
dates on their electrochemical performances, we at-
tempted to prepare a specific crystallized and hydrated
iron orthovanadate (FeVO,-n H,0) by co-precipitation
route. This method led to successful syntheses of
monovalent (T, Li [13,14]), divalent (Co, Ni, Mn

10,11,15]), and trivalent (In, Cr, Fe, Al, Nd, Y, Bi
8,15-20]) crystallized or amorphous vanadates with
various hydration states. However, the experimental
conditionsto prepare powderswith aparticular stoichi-
ometry have so far remained very empirical.

In this paper, using a classical approach from aque-
ous solutions, the required experimental conditions to
prepare various Fe(l11) vanadates(V) were easily de-
duced from thermodynamic modelling based on solu-
bility diagrams. Furthermore, details of the experimen-
tal approach regarding the search for crystallized
compoundswill be given to promote the kinetic aspect
of condensation mechanisms.

2. Theoretical approach. Solution chemistry

A survey of previous works on the Fe''-vVV-O
system shows that three polymorphs of FeVO, were

synthesized under high pressure and two other
compounds, namely triclinic FeVO, and
Fe,V 4013, were obtained under atmospheric pres-
sure using the common ceramic route. Thisisin accor-
dance with the binary diagram Fe,O;—V,Og given by
Fotiev et al. (Fig. 1). However, unlike other cat-
ions, littleisreported on theiron(l11) vanadates synthe-
sis by wet chemistry processes, and even then it is
conflicting. Sixty years ago, Guiter reported the fol-
lowing compounds, Fe,05;V,05 (orthovanadate),
2 Fe,05-3V,05 (pyrovanadate) and Fe,05-3 V,04
(metavanadate), which were prepared by precipitation
In the 1980s, only amorphous FeVO,:n H,O was
identified by different authors[[17,27]] More recently,
Fe,V ,0,54.4 H,0O formula was ascribed to an amor-
phous precipitate obtained by mixing in solution a
stoichiometric proportion (Fe/V = 1/2) of iron nitrate
and ammonium metavanadate[[15]} Finally, due to the
lack of existing thermodynamic data in the literature,
especialy Gibbs free energy values, it is theoretically
impossible to calculate the exact stability domains of
iron(l11) vanadates in agueous solution in atraditional
manner, and thus to correctly determine the optimum
co-precipitation conditions. Sometimes, however, a
good approximation can be obtained using a simple
comparison between the solubility behaviours of indi-
vidual metal hydroxides (or oxides). Indeed, evenif the
co-precipitation of different cations leads, in some
cases, to segregation into separate phases, from ather-
modynamic point of view mixed compounds should be
more stable than the compounds formed by each cation
As a consequence, from the superimposition of
the solubility diagrams for individual hydroxides/
oxides giving the simultaneous precipitation region,
the best co-precipitation conditions can be approxi-
mately found by simple extrapolation. This former
method already led to a successful preparation of pure
mixed piezoelectric oxide Pb(Zr,Ti)O,4 (PZT)

Applied to our system, the solubility diagramswere
first drawn for each cation from its equilibrium con-
stants and solubility product for the individual
hydroxide/oxide (Fe(OH);, and V,Og,) given by
Kotrly and é&cha and Pope. The construction
of solubility diagrams being well documented (see for
instance , and made herein in a very traditional
and routine manner, the solubility calculations of Fe'"
and VY in agueous solution are beyond the scope of

this paper. Detailed procedure is reported elsewhere
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Fig. 1. Binary diagram of the Fe,O;—V ,0O5 system, adapted from

Due to the approximate character of the applied
method, we ignored the ionic strength effect (Ic),
which may not significantly change, by systematically
choosing data given for Ic = 1. Secondly, calculations
were performed considering standard conditions,
P=1atmand T=293.15K (25 °C), for which afull set
of experimental data is available. Variations are ex-
pected with temperature, but the main conclusions
obtained at room temperature remain valid. That |eads
to curves reported in|Fig. 2

From a simple comparison between stability do-
mains drawn Fié. zb, the solubility behaviours in
agueous solutions for iron(l1l) and vanadium(V) are
quite different. For instance, the precipitation of
Fe(OH)3, is expected in alarge domain of pH values
with a solubility minimum reached at a pH = 8.3,
whereastheV,05, compound issolublein both strong
acid and alkaline media (amphoteric behaviour). Nev-
ertheless, without adding any complexing agent, a si-
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Fig. 2. Calculated solubility diagrams of Fe(OH);, () and V,Os,
(=)

multaneous precipitation region between pH = 1 and
pH = 6.5 can be determined from the superimposition

of the solubility diagrams . Accounting for
mixed compounds being more stabl e than two separate



128 P. Poizot et al. / C. R. Chimie 6 (2003) 125-134

phases, we can consider that the beginning of the
co-precipitation is located in acid solution. Consider-
ing the stabilization energy effect and including that a
pH > 4 experimentally leads to ferric gel formation
iron(l11) vanadates precipitation is expected to
approximately occur within the 0.7 < pH < 4 range
(Fig. 2). Finally, acknowledging that the more acidic
thesolutionis, the more condensed the vanadate polya-
nion in solution as well asin solid stateis@ the
lowest Fe'"'/VV ratio at low pH valuesisexpected to be.

However, we should recall that this previous empiri-
ca method only indicates the approximate region
where mixed compounds are expected without any
other specification. To obtain crystallized vanadates,
the kinetic aspect of condensation mechanisms is an
essential parameter that must be carefully studied be-
fore experimentation. Indeed, unlike bivalent element
vanadates, wet synthesis of M(lI1)-based vanadates
(with M a 3d-meta) is reported to produce basically
amorphous compounds.

Consequently, al experimental conditions reported
below favour a strict control of nucleation or aging

steps.

3. Experimental approach

According to the previous conclusions, three differ-
ent synthesis strategies in aqueous solution have been
developed, aimed to produce a mixed compound as
well as reducing the probability of forming an amor-
phous precipitate. For clarity, each synthesis protocol
will be discussed separately and denoted protocols 1, 2
and 3. High-purity reagents (> 99%), including
Fe(NOs)5-9H,0, NH,VO,, and V05, were purchased
from Aldrich, except for NavO,, which was obtained
from Prolabo. Fresh solutions of these compounds
were prepared daily in double-deionised water.

3.1. Protocol 1

Although only amorphous FeVO,:n H,O synthesis
wasreportedinthel iteratur, the existence of
acrystalized mineral FeVO,-1.25 H,0, called fervan-
ite proved the stability of a crystallized hydrated
iron orthovanadate. Consequently, our first approach
consisted in adjusting the main method used until now
to synthesize the amorphous phase in order to favour a

crystallized vanadate. This empirical method is based
on a pH-controlled fast dissolution—reprecipitation
process through adding concentrated nitric acid and
ammonia solutions. Note the experimental pH values
at which amorphous FeVO,-n H,0 was obtained, 2.5
< pH < 3[[8,17,27]] are perfectly compatible with the
above predictions. In the case of iron, a significant
limitation of this technique was a rapid kinetic of
co-precipitation provoking a large amount of uncon-
trolled nuclei. This does not favour the obstention of a
crystallized phase|[28]] We altered the general solution
approach by aging the suspension over a large time
scale (6 days) thus enabling the system to tend towards
or reach stability. A 0.26 M solution of iron nitrate was
quickly poured into a 4.27x10° M solution of
NH,VO; maintained at 75 °C under stirring. The final
concentrations before reaction were [Fe'''; = [VV]+
= 3.7 x 1072 M. This mixture immediately led to an
intermediate amorphous yellow precipitate. Detailed
procedures were reported el saNhere

3.2. Protocol 2

Nucleation being the critical step that corresponds
to the first stages of precursor condensation and solid
formation, its strict control is required to synthesize
crystallized compounds with particles of homoge-
neous size. This may be achieved by slowly generating
one of the reactants in the solution by thermohydroly-
sis or dissolution of a quasi-insoluble precursor,
for instance[[31]] For the dissol ution under equilibrium
conditions, one of the reactants is held constant, and
defined by the solubility product (K. We took advan-
tage of the low V,0O5, solubility to implement this
concept to our system. The general process, previously
reported, consists in maintaining aknown amount
of vanadium pentoxide (10 g) as a suspension in boil-
ing water (0.4 | under reflux) in order to reach the
equilibriumV,05, = VY e This ' activation stage
was carried out over three days under stirring prior
adding 43.6 g of Fe(NO,)5-9 H,0 inside the reactor.
Thisacid salt instantaneously dissolved decreasing the
pH value initially about 5 at room temperature. After
three additional days, still under stirring, the orange
suspension changed to yellow, whereas the measured
pH at ambient temperature was about 2.
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3.3. Protocol 3

Another way to control the nucleation processisto
work with a homogeneous system, and then to reach
the precipitation region by slowly adjusting the pH
value (thermal decomposition of unstable molecule
such as urea) or raising the temperature. According to
Fig. 2 both F€'"" and VV could be stable in a suffi-
ciently acidic solution (homogeneous media). We ex-
perienced this assumption when preparing sol utions of
mixed sodium metavanadate-iron nitrate, correspond-
ingto[Fe"];=2x102M and[VV]; =4 x 102 M, for
pH values ranging from 0.5 to 1.4. At room tempera-
ture, no precipitation occurred even after aweek. Con-
sequently, in light of these results, the temperature of
solution at pH = 1.4 was raised up to 80 °C, with a
heating rate of 0.1 °C min* to force hydrolysis reac-
tion. Above 65 °C, a black precipitate appeared. The
reaction was pursued for longer times (2 days) to
improve particles coarsening.

Independently of the protocol used, the solid phase
was recovered by centrifugation, washed several times
with water and once with pure acetone, and finally
dried in air overnight at 50 °C.

4, Characterization

All the compounds were characterized for their
thermal, morphological, structural and surface area
properties. Therefore, therma analyses were per-
formed by Setaram TG-DTA92 at a heating rate of
10 °C min~tin air (Mgnpe = 15 mg) to understand the
thermal reaction process of the precursor such as
weight loss and phase-formation temperature. Addi-
tional information was also obtained by temperature-
resolved X-ray powder diffraction technique
(TRXRPD) using a Guinier-Lenné camera (Acukq
= 15418 A) at a rate of 0.1 °C min*. The phase
identification was done by X-ray powder diffraction
(XRD) patterns collected on a Philips diffractometer
(PW 1710) using Cu Ko radiation (4 = 1.5418 A) and a
back monochromator to avoid iron fluorescence. De-
pending on the case, textural and structural character-
ization studies of the powders were performed by
means of a Philips FEG XL-30 scanning electron mi-
croscope (SEM) or aPhilips CM 12 transmission elec-
tron microscope (TEM). For all observed compounds,
theiron/vanadium ratio was checked by energy disper-

sive spectroscopy (EDS) with a Link Isis apparatus
(Oxford) on severa particles. Micromeritics Gemini |1
2370 analyser with nitrogen as adsorption gas was
used to perform the Brunauer—Emmett—Teller multi-
point method on all compounds to determine the
surface area (Sse7)-

5. Results and discussion
5.1. Protocol 1

As expected, aging of the suspension at a constant
and relatively high temperature was associated with a
shift in particle size distribution, owing to the disap-
pearance of the smaller grains and the formation of
larger ones. Consequently, the XRD pattern for the
50 °C-dried precipitate indicated a crystallized mate-
rial compared to the previous ones . There-
fore, the degree of crystallization was not sufficient to
solve the structure. This compound characterization
was the subject of a foregoing publication devoted to
its specific electrochemical behaviour vs Li [12]|. We
will recap the main results, and give additional data.

Although aFe/V ratio closeto 1 wasfound by EDS
analysis, confirming an iron orthovanadate species, the
identification of this compound to synthetic fervanite
was not straightforward, since numerous mismatches
existed with the published powder patterns of this
mineral To pursue our investigations, trans-
mission electron microscopy was performed. Interest-
ingly, asreported by Rossin the case of natural fervan-
ite FeVO,-1.25 H,0O particles were elongated,
flattened, and had an exfoliated fibrous morphology
b. Moreover, the lattice parameter values ob-
tained from our SAED patterns analysis (a=8.9A, ¢
=6.64 A, § = 113°) matched well those given|[[38]] (a
=9.02A,c=6.65A, = 103°) except for the angle,
which was dlightly larger. Consistent with acicular
particles of about 200 nminlength, aBET surface area
of 39 m? g~ was measured.

To determine the water content of this precipitate,
and to study its thermal stability, thermal anaysis
coupled to TRXRPD experiments were performed.
TG-DTA curvesindicated atwo-step dehydration pro-
cess, an intermediate hydrated phase with the formal
composition FeVO,-0.4 H,O appeared. From the en-
tire weight loss, we finally deduced the following for-
mula FeVO,-1.1 H,O for the initial compound. Note
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Fig. 3. Bright-field image of particle of FeVO,-1.1 H,O obtained
from protocol 1, showing an acicular morphology.

that the water content (n) is closer to that of the fervan-
ite (n=1.25) than that of the amorphous orthovanadate
phases (2 < n < 3 according to[[8,17,27,33]). Examina-
tion of the Guinier—Lenné photograph (Fig. 4) shows
the first dehydration leading to FevVO,-0.4 H,O

dA 10 65 4 3

2.5 2 1.8

(r.t. < T<~300 °C), and results in the vanishing of the
broad line centred around 7.76 A (20 = 11.4°). Upon
further heating, lines located at 3.18 A (20 = 28°) and
2.89 A (20 = 30.9°) disappeared, and the structure
finally collapsed to an amorphous phase above 400 °C.
Apart from the reflections of the Pt grid, no supple-
mentary linein the X-ray powder pattern was observed
until 520 °C. At higher temperature, several new re-
flections appeared attributable to those of puretriclinic
FevO, (ICDD card No. 38-1372). Based on these
results, one can summarize the dehydration scheme as
follows:

FeVO,L1H,0 %" FevO,04H,0

410°C 520°C
—04H,0 FeVO, morphous FeVO, yiginic
As expected, this set of experimental data confirms
the ability to prepare, by co-precipitation, a pure crys-
tallized hydrated orthovanadate (FeVO,-1.1 H,0) very
similar to the fervanite of formula FevVO,-1.25 H,0.

16 1.5 14 13 1.2

bbbt bbb B bbbl

140 °C p

FeVO4.xH2O  mumipe

330°C p

400 °C p

Amorphous

phase >

520 °C

FeVOy4

Fig. 4. Guinier-Lenné photograph of FeVO,-1.1 H,O prepared by using protocol 1, heating rate: 0.1 °C min~. Arrows indicate supplementary

lines due to the platinum grid used as sample holder.
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Fig. 5. SEM image displaying the particles morphology (ovoid) of
Fe,V ¢0,,-3 H,O prepared via protocol 2.

5.2. Protocol 2

This second approach led to a synthesis of a more
crystalline iron vanadate with a never previously re-
ported composition. Thecrystal structure of theyellow
solid was solved ab initio from conventional X-ray
powder diffraction data leading to an orthorhombic
cell witha=11.990A,b=9.496 A, c=8339A,2=4
and the space group P2,2,2,. The structure consists of
a three-dimensional framework built from corner-
sharing bi-tetrahedral V,0, and independent tetrahe-
dral VO5(OH) units interconnected with edge-sharing
bi-octahedral Fe,O4(H,0) giving the following struc-
tural formulaFe,(H,O)[V ,0,-VO5(OH)], that isto say
Fe,V0,,-3 H,0. Detailed description, structure solu-
tion and refinement have been published elsewhere
Note that the existence and the specific arrange-
ment of both V,0, and VO5;(OH) groups are not com-
mon; only one example was known for the cobalt
ethylenediamine-vanadate complex [Co(en)],>*-
V,0,HVO,?6 H,0[[39]] On the other hand, to our
knowledge, until now theratio Fe'''/VY = 2/3 has never
been reported for a compound, probably due to its
non-existence in the Fe,O;V,Os binary system
Fig. ).

The SEM image shows that the obtained particles,
having an ovoid morphol ogy, are homogeneousin size,
reaching a length of 4 pm . The BET surface
area was found to be equal to 4.6 m* g*. Thermal
properties studied by TG-DTA and TRXRPD mea-
surements revealed a new anhydrous phase with
the formal composition Fe,V0,, after a controlled
dehydration at 350 °C. Such aphase turned out to have

NS
Acc.V Spot Magn WD Exp
3.00 kV 3.0 _10000x 9.5 9

Fig. 6. SEM image of the precipitate FeV ;04-2.6 H,O prepared by
using protocol 3 showing agglomerates of platelets particles.

amonoclinic unit cell, witha=12.167 A, b=9.210A,
c =8267 A, p = 95.95°, as deduced from powder
diffraction data collected at room temperature. Above
415 °C, this compound decomposes into the two ex-
pected stable iron vanadates, triclinic FeVO, and
Fe,V,0,5, according to the binary phase diagram
. In short, the therma behaviour of
Fe,V0,,-3 H,0 can be summarized as follows:

260°C

FeV0, 3 H,0 2 T FeV O,
20 FevVO

4triclinic

+ Fe2V4013
5.3. Protocol 3

The as-obtained black precipitate was first charac-
terized by EDS analysis and scanning el ectron micros-
copy. TheFe/V ratio wasmeasured equal to 1/3, imply-
ing again an instable composition according to the
Fe, 05—V ,05 binary phase diagram . This un-
usua stoichiometry, compatible with an iron meta-
vanadate compound, has only been found by Guiter
shows atypical SEM image for our 50 °C-
dried precipitate. The mutualy agglomerated rose-
shaped platelets have a diameter size of 4-5 ym and a
thickness of about 100 nm. For these layered particles,
a specific surface area of 20 m? g~ was measured by
BET analysis. Unfortunately, as observed for
FevO,1.1 H,0, the compound is poorly crystallized
. Nevertheless, the XRD pattern shows numer-
oussimilaritieswith the |ICDD card No. 46-1334 estab-
lished for another iron(I11)-based mineral of formula
Fe'"' V'V ,VY ,059(0OH)o-8.55 H,0, called kazakh-
stanite. According to Ankinovitch et al. , this min-
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Fig. 7. X-ray powder diffraction diagram of FeV ;04:2.6 H,O obtai-
ned via protocol 3 (* denotes the Bragg peaks of Al used as sample
holder).

era is black, like our precipitate, but contains 7.74%
w/w of V* according to chemical analyses. Conse-
quently, other characterization techniques were per-
formed.

Complementary information was obtained by TEM
investigations of the precipitate. In accordancewith the
SEM image (Fig. 6), a bright field image of the mate-
rial shows a platelet-like morphology with a size of
about 3 um x 1 ym . Considering the crystal-
lographic data given by Ankinovitch et al. (space
group C2/c or Ccwitha=11.84 A, b=365A,c=
21.27 A, f = 100°), the SAED pattern was
easily indexed on the basis of a monoclinic cell, con-
firming the similarities with the kazakhstanite, as seen
on the XRD pattern. On the other hand, a layered
structure contai ning water was confirmed by observing
an evolution of the micro-diffraction pattern under the
beam. Indeed, the electron-matter interaction induced
apartial dehydration process.

Besides, owing to the formal composition ascribed
to the kazakhstanite, it was crucial to check quantita-
tively the V" /V*" ratio contained in our synthesized
compound. Therefore, the classical oxidation/
reduction titration technique monitored by potentiom-
etry was chosen asthe analytical method Analyti-
cal results showed that only traces of V** were
measured, allowing us to conclude that the precipitate
isaniron(l11) metavanadate(V) species.

To pursue our investigations, thermal analysis mea-
surements to compare the water content of the precipi-
tate with that of the mineral were performed. The DTA
curve for the synthesized compound, displayed in

d

Fig. 8. Transmission-electron-microscopy
FeV;04-2.6 H,0: (a) bright-field image of layered particles obtained
from protocol 3; (b) corresponding SAED pattern realized along c*
showing a* and b* (taking into account the crystallographic data
given for the kazakhstanite[[40]).

micrographs  of

, clearly showsfive thermal phenomena, whereas
the thermogravimetric trace (TG) indicates two weight
losses corresponding to about 12%. Note that an
11.85% theoretica weight loss is expected for
Fe'"' V'V ,VY ,055(0OH)o-8.55 H,0. Finally, we de-
duced that the entire chemical formulafor the synthe-
sized vanadate was FeV ;04:2.6 H,0. Interestingly, the
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Fig. 9. TG and DTA curves of FeV;04:2.6 H,O, heating rate: 10 °C
min,

TG curve shape (Fig. 9), corresponding to the second
dehydration process (120 °C < T< 390 °C), isidentical
to that of the kazakhstanite reported by Ankinovitch et
al.[[40]} The strong exothermic phenomenon at about
395 °C is due to the decomposition of the FeV ;0g, as
previously reported for Fe,V¢O,, [35] Indeed, these
two iron vanadates are not stable phases in the

Fe, 05—V ,05 binary system . As expected, the
two strong endothermic peaks located at 640 and
690 °C correspond to the eutectic reaction
lig E = V,05 + Fe,V ,0,5 and the peritectic reaction
Fe,V,0,5=1liqP, + FeVOQ, , respectively. One
can summarize the scheme of FeV;04-2.6 H,0 ther-
mal behaviour, asfollows:
FeV,0,26 H,0_ /=~

—
-15H0

= FeV,0 2 ° V.0 + FeV,0y4

-1TH,0 9 amorphous

FeV,0, 1.1 H,0

From our experimental data, we can conclude that
the precipitate prepared using the protocol 3 is an
iron(l1l) metavanadate(VV). Numerous similarities
(structural and thermal) exist with the mineral
kazakhstanite identified as Fel'VL'V1,0, (OH)q
-8.55 H,O by Ankinovitch et al. athough no
significant V#* content was measured. Without ques-
tioning the work of these authors, we should recall that
minerals generally contain many impurities. There-
fore, it is interesting to note that a recent structural
study demonstrated that schubnelite, a natural
iron vanadate first described as Fe€|yV iV} 5 O7.60
-2 H,0 by C&bron isin fact an iron orthovana-
date with the formula Fe'"'(VVO,)(H,0), without any
V#*. Note that its powder pattern (ICDD card No.

24-0542) and crystallographic data (space group PT,
with a = 5466 A, b = 5675 A, ¢ = 6.610 A,
a =101.02°, § = 95.10°, y = 107.31° [42]) are com-
pletely different from those of natural or synthetic
fervanite reported above.

5.4. Sructural considerations

Dueto thelack of single crystals and the low degree
of crystallinity of the powdered artificial fervanite,
FevO,-1.1 H,0 synthesized following protocol 1, the
structure cannot be resolved, but probably contains
isolated VO, or VO4(OH) tetrahedra, as in the schub-
nelite FeVO4-H20m

The structure of numerous polyvanadates contain-
ing three pentavalent vanadium atoms with different
contents of oxygen was known: V505 (as in KV3;0g
[43), v:0,0> (esin NagV ;0,02 HZO, V40,

asin Ba,BiV40,, [[45]), V30.,° (8sin K3Bi,V:0s,
Eb, V40, (asin KCu5V3013, and V40,2
(asin SrzBi3V3014. In the compound obtained
from protocol 2, the complex trivanadate ion
V30,0(OH) exist it canberelated toV;0,, anion
containing V,0, and VO, groups . Surprisingly,
the V04> anion, which is missing in the series of
quoted trivanadate anions, was only recently pointed
out in the compound [(C,Hg),N]5(V30y) this
anion consists of threelinked VO, tetrahedraforming a
six-membered cyclic arrangement of alternating vana-
dium and oxygen atoms. From protocol 3, the geom-
etry of the polyanion, which existswithin the synthetic
kazakhstanite FeV ;04-2.6 H,0, remainsto be defined.
Work is being pursued to obtain single crystals of this
compound, a must to solve its structure.

6. Conclusion

Using aclassical investigation of solubility for each
metal hydroxide/oxide in aqueous solution, we
succeeded in preparing three iron(l11) vanadates(V).
To produce crystallized compounds, different strate-
gies were developed in order to control the formation
steps of the solids. Finally, only the following
vanadates FeVO,-1.1H,0O, Fe,V¢0,,-3H,0, and
FeV;04-2.6 H,O were identified. Interestingly,
FevO,-1.1 H,0 and FeV;042.6 H,0 reveded close
structural similarities with the minerals fervanite and
kazakhstanite, respectively, whereas Fe,V ;0,,-3 H,O
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was never reported before. At thispoint, it isinteresting
to recall the well-known parallel between the chemis-
try of phosphates and that of vanadates. Indeed, al-
though Fe,Vz0,; and FeV 0, are not stable com-
pounds in the Fe,0;V,0O5 binary diagram, these
compositions are not entirely unexpected, because
Fe,PsO,, and FeP;0q4 exist in the Fe,0;—P,05 system
as FePO,[[50]}
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