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Supercritical fluids exhibit a range of unusual properties that can be exploited for new reactions which are
qualitatively different from those involving classical solid state chemistry. After giving a brief introduction to these
fluids we describe their use in inorganic chemistry and related fields. We then present two examples concerning
different areas of solid state chemistry: (i) the formation of novel inorganic nanoparticles; (ii) the preparation of
new open-structure oxy(hydroxy)fluorides, thus showing the advantages of this supercritical fluid processing that
can be seen as an alternative method to regular solution chemistry or solid–gas reactions.

Thus, it is possible to prepare new materials under mildIntroduction
conditions by using either physical or chemical transformations

A fluid is in the supercritical domain when both pressure and (see Fig. 2). The main results concerning these two possibilities
temperature are above their critical values, Pc and Tc . In are reported herein. However, first of all, it should be pointed
practice, this definition is restricted to fluids close to their out that supercritical fluids are used in order to provide
critical points and, hence, with their density close to rc . There contaminant-free compounds. Moreover, this method allows
are numerous fluids for which the critical temperature is one to obtain solid particles exhibiting both a narrow range
moderate. A selection of the most usual ones is listed in of size distribution (micronic and nanometric) and specific
Table 1.1 features (e.g. well defined stoichiometry, structure, etc.).

Nowadays supercritical fluids are widely used in many
fields.2–4 These fluids are very attractive for materials pro-

Physical transformationscessing5 and more particularly for the formation of particles,
fibres, thin films (pharmaceuticals, explosives, coatings)6–9 and Concerning the physical transformations, three main tech-
for drying materials (highly porous gels).10,11 Furthermore, niques are successively presented: the rapid expansion of a
these fluid processes are already used in many other appli- supercritical solution (RESS), supercritical antisolvent precipi-
cations, such as: separation (petroleum-chemistry separation tation: gas anti-solvent (GAS), and precipitation with com-
and purification, food industry);12–15 chromatography (analyt- pressed anti-solvent (PCA).
ical and preparative separation, determination of physico-
chemical properties);16,17 chemical reactivity ( low-density
polyethylene, waste destruction, polymer recycling);18–22 and

Table 1 Critical coordinates of usual pure fluids. Tc , Pc and rc areearth sciences (volcanism, geothermal energy, hydrothermal
the critical temperature, pressure and density, respectively1synthesis).23

Both the capability of some supercritical fluids to replace Fluid Tc/°C Pc/MPa rc/kg m−3
toxic industrial solvents and the ability of tuning solvent
characteristics for highly specific separations or reactions lead Carbon dioxide 31.2 7.38 468

Ammonia 132.4 11.29 235to the current industrial and scientific interest in supercritical
Water 374.1 22.1 317fluids.24 These fluids possess physicochemical properties, such
Ethylene 9.5 5.06 220as density, viscosity and diffusivity, which are intermediate
Ethane 32.5 4.91 212between those of liquids and gases (Table 2). The main interest Propane 96.8 4.26 225

in supercritical fluids as reaction media relies on their continu- n-Pentane 196.6 3.37 232
ously adjustable properties from gas to liquid with small Cyclohexane 279.9 4.03 270

Methanol 240.0 7.95 275pressure and temperature variations. Fig. 1 shows that it is
Ethanol 243.1 6.39 280possible to move continuously from the liquid to the gaseous
Isopropanol 235.6 5.37 274state without crossing the liquid–gas equilibrium line.
Acetone 235.0 4.76 273Classically, materials preparation in supercritical fluid can

be described in three steps: step one: solubilization of solutes
in dense fluid (close to the liquid phase) since the solute
solubility varies generally as a power law with respect to

Table 2 Characteristic magnitudes of thermophysical properties ofdensity;25 step two: chemical or physical transformation of
fluids

fluids in the supercritical domain, characterized by specific
properties (Table 2);26,27 step three: materials recovery in the Liquid Supercritical fluid Gasa
low density fluid domain (close to the gas phase) in order to

r/kg m−3 1000 100–800 1obtain dry materials.
g/Pa s 10−3 10−4–10−5 10−5
Db/m2 s−1 10−9 10−8 10−5

†Basis of the presentation given at Materials Chemistry Discussion r=density; g=viscosity; D=diffusion coefficient. aAt ambient con-
No. 1, 24–26 September 1998, ICMCB, University of Bordeaux, ditions. bFor small-molecule solute.
France.
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remains soluble in the organic solvent. These processes are
used for explosives, polymers, food, pharmaceutical com-
pounds, coloring matter and catalysts. For the latter it can be
specified that zinc acetate nanoparticles down to about 30 nm
are obtained with an average particle size of 50 nm.33

With the GAS process, a batch of the solution (solute
dissolved in organic solvent) with dense carbon dioxide for
example, is expanded several times in a vessel. Because of the
lower solvent strength of the carbon dioxide–expanded solvent
mixture, the fluid medium becomes supersaturated, thus forc-
ing the solute to precipitate in microparticles.

The PCA process consists of spraying the solution through
a nozzle into dense carbon dioxide, for example.

These two processes allow the control of the particle size
(micronic and submicronic). Unfortunately their use is limited

Fig. 1 Schematic representation of a phase diagram illustrating the
by the separation of the solid particles from the solvents.density evolution from the liquid to the gas without crossing the T–C

line which corresponds to the liquid–gas equilibrium line, C being the
critical point and T being the triple point. Pc and Tc are the critical
pressure and temperature respectively. Chemical transformations

Physico-chemical properties of supercritical fluids as a reactive
medium are relatively easy to adjust by operating conditions.
Indeed, these tunable characteristics, such as density, viscosity,
and diffusivity, influence directly the reaction rate constants.
For the reactions involving ionic species, the variations of the
relative permittivity and of the ion products influence both
the chemical equilibrium and the evolution of the transition
state. By moving continuously from the liquid to the gaseous
state, the efficiency of the reaction may be significantly
enhanced to create a completely new chemical process.

As the reactivity of organic compounds in supercritical
fluids has already been intensively studied,34,35 we focused on
materials preparation. Supercritical fluids are used for matter
transport or as chemical media in order to produce submicronic
particles, compounds with specific features, polymer–metal
composites, aerogels and thin films. Chemical reactions gener-
ally involve the thermal decomposition of a metal-containing
precursor. The various applications developed in the field of
inorganic materials are also reported.

Fig. 2 Possible routes for material elaboration using supercritical
fluids. RESS=rapid expansion of supercritical solution; GAS=gas

Oxide nanoparticlesanti-solvent recrystallisation; PCA=precipitation with compressed
anti-solvent. Submicronic TiO2 powder has been obtained in a flow reactor

by a sol–gel process. Titanium isopropoxide, Ti(O-iC3H7)4 , is
Rapid expansion of supercritical solution (RESS) process hydrolytically decomposed by water, produced by the catalytic

dehydration of the isopropyl alcohol used as the supercriticalIn this process, the reactant is first solubilized in a supercritical
solvent.36 Titanium hydroxides are formed and their decompo-fluid which is then expanded across a nozzle or a capillary at
sition into TiO2 kinetically limits the reaction. At temperaturea very high velocity. Such a rapid expansion leads to a high
and pressure around 300 °C and 10 MPa respectively, particlessolute supersaturation and subsequently to the precipitation
with a narrow range of size distribution (20–60 nm), some ofof small monodispersed particles.28 This process has been
which crystallize with the anatase structure, are weakly associ-applied to inorganic,29 organic30 and pharmaceutical31 com-
ated into spherical agglomerates (500–2000 nm). A model ofpounds. It allows the preparation of either an intimately mixed
the flow reactor, has been made including hydrodynamic andpowder of two inorganic compounds (e.g. SiO2 and KI) or an
kinetic studies,37 and experimentally validated for optimizinginorganic and organic combination [e.g. KI and poly(vinyl
the process.chloride)].32

Metal oxide submicronic particles can also be obtained inThe major limitation of the RESS process is the low
supercritical water by the hydrolysis of metal salts in aqueoussolubility of many compounds in supercritical fluids. For
solutions. Numerous oxides have been studied such as Fe2O3 ,example in carbon dioxide, the solute solubilities are about
Co3O4 , NiO, ZrO2 , TiO2 and CeO2 .38 In the case of TiO2 ,0.01 wt.% or less. The other challenge for large commercial
TiCl4 was used as the precursor and leads, at 30 MPa andplant configuration is associated with nozzle design in order
400–450 °C, to the formation of TiO2 (anatase) with a prismaticto avoid particle accumulation and the freezing caused by the
shape and a size of 20 nm.39rapid expansion.

Porous substrates (alumina or zirconia) with high surface
areas have been impregnated with supercritical solutions ofSupercritical anti-solvent precipitation processes: gas anti-
metal salts (carbonate, acetate, etc.), which can be adsorbedsolvent (GAS) and precipitation with compressed anti-solvent
or deposited as a film on the surface of the substrate by(PCA)
lowering the pressure.40

Supercritical fluid has also been used as a drying mediumIn these processes a solute is dissolved in an organic solvent.
The addition of a supercritical fluid leads to a lower solubility in the sol–gel process for the preparation of nanometric tin

oxide particles (3–5 nm).41of the solute in the liquid phase since the supercritical fluid
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Metal nanoparticles expansion of the supercritical fluid causes the vaporisation of
the solutes. The precursors can be decomposed at or near a

Micronic metallic powders (as pure metals, metal alloys, or substrate surface to form a thin film. This leads to the
mixtures thereof ) have been prepared from metal salts.42 formation of pure metal (e.g. Al, Cr, Ni, Cu, etc.), or oxide
Precursors are solubilized in methanol at a temperature lower (e.g. CuO, SiO2 , Cr2O3 , etc.) films. Moreover, the stoichio-
than that employed to generate a metallic powder. As an metric ratios of the precursors for multi-element coatings (e.g.
example, micronic Cu particles were obtained from a solution YBa2Cu3O7−x) can be precisely controlled.46–48
of Cu(OAc)2 at 275 °C and about 14 MPa. When Pd(OAc)2 After this brief review, we present our own results concerning
was added to a methanol solution of Cu(OAc)2 , a mixture of a new route for nanoparticle formation and for the synthesis
Pd and Cu metals and a face centered cubic Cu–Pd alloy were of new phases in solid state chemistry such as open-structure
obtained; both systems were identified by XRD and ESCA oxy(hydroxy)fluorides.
measurements.

Compounds with specific features Preparation of nanoparticles
Semiconducting quaternary antimony sulfides, such as

The aim of this work is to develop a new method for theKAg2SbS4 or RbAg2SbS4 , have been prepared in supercritical
preparation of nanoparticles. Indeed, metallic nanoparticlesammonia at 160 °C and about 22 MPa during 4 days from the
with dimensions of tens of nanometers or less exhibit size-appropriate mole ratio of K2S4 , K2CO3 or Rb2CO3 with Ag,
dependent electrical, chemical and magnetic properties. TheSb2S3 and S8 . The use of supercritical ammonia leads to high
chemical transformation of metallic precursors inside aquality crystal growth, owing to its specific transport properties
supercritical fluid is a new route for obtaining nanometric(viscosity, solubility, etc.).43
homogeneous powders. The process mainly deals with the
dissolution of precursors in a dense fluid, followed by thePolymer–metal composites
decomposition of the precursors in supercritical fluid for

Polymer–metal composites consist of isolated nanoclusters of preparing either powders or thin films of materials.
metal atoms distributed homogeneously throughout polymeric
substrates. For example, a metal precursor such as dimethyl(cy-

Experimental setupcloocta-1,4-diene)platinum() is dissolved in supercritical
carbon dioxide and impregnated into the polymer [poly(4- The apparatus used for chemical synthesis in supercritical fluid
methylpent-1-ene)]. Thermolytic reduction of the precursor in media is shown in Fig. 3. The system itself, placed in a
the CO2-swollen polymer medium at 140 °C and under 26 MPa temperature controlled hot-air oven, is composed of: (i) two
pressure produces platinum aggregates with a maximum diam- high pressure 316 stainless steel cells. The first one (cell A) is
eter of approximately 50 nm.44 the mass exchanger. It is a cylinder of 1.8 cm diameter and

5.5 cm length filled with a glass packed bed of 0.2 cm diameter.
Aerogels A glass wool plug is placed at the outlet of the cylinder in

order to avoid the dragging of the precursor by the flowingSol–gel reactions have been directly performed in supercritical
fluid. For each experimental run the cylinder is charged withcarbon dioxide as a reactive medium by using formic acid as
1 g of the precursor. The second cell (cell B) is the reactor. Itcondensation reagent.45 Supercritical carbon dioxide appears
consists of a cylinder of 1.8 cm diameter and 9.5 cm length.to be a better solvent than ethanol for preparing phenylene-
An external heating resistor allows the generation of a flashbridged polysilsesquioxane aerogels from 1,4-bis(triethoxysi-
of temperature. A glass wool plug is placed at the outlet oflyl )benzene. In addition, this process can be successfully used
the cylinder for the reasons mentioned above. A polytetra-to generate monolithic aerogels from their precursors in a
fluoroethylene film (PTFE, 0.25 mm thickness) rolled up insidesingle step.
the cell is used for collecting the metallic particles. (ii) A high
pressure generator, which is a fluid metering pump (CM 3200Thin films
P/F). This pump provides either constant flow or constant
pressure. Only one fluid can be used with this system (in ourSupercritical fluid transport and chemical deposition can be

used for the formation of thin films on a substrate. This film case it is ammonia). The working pressure is monitored by a
digital gauge. (iii) Two thermocouples measure the tempera-deposition technique can use nonvolatile precursors, unlike

the chemical vapor deposition process. In supercritical fluid ture, one is placed inside the hot-air oven, the other one is
inside cell B.transport and chemical deposition technique, precursors are

dissolved in the supercritical fluid. Then, this solution flows Acetylacetonates of metals [Cu(AcAc)2 and Fe(AcAc)3 ]
were used as precursors. They were all provided by Sigma-through a restrictor into a deposition chamber where the rapid

Fig. 3 Apparatus for chemical synthesis in supercritical fluid media. 1, Fluid tank. 2, Cooling system. 3, High pressure pump: 1–10 ml min−1 ;
0–40 MPa. 4, Heat exchanger. 5, Mass exchanger (cell A). 6, Reactor (cell B). 7, Temperature regulator. 8, Contact breacker. 9, Micrometric
valve. 10, Solvent trap. 11, Oven.
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Aldrich and used without further purification. Their solubility
in ammonia was measured and is reported in Table 3.

The solid particle formation results from the solute thermal
decomposition in the supercritical fluid medium. The fact that
the critical temperature of this solvent must be lower than
that of the metal chelate decomposition justifies the choice of
ammonia as the supercritical fluid. In addition this fluid
exhibits a high reducing power.

A known amount of precursor is placed in cell A. The
system is filled with solvent. Then the hot-air oven is heated
at a temperature TA which allows good solute solubility. Cell
B is heated at temperature TB which allows chemical reaction.
When both temperatures are stabilized, the pressure is
increased up to 17 MPa and then maintained constant. In
these conditions ammonia is liquid in the mass exchanger (cell
A) and is in the supercritical domain in the reactor (cell B).

Then the fluid flow rate is stabilized at the working value
of 3 ml min−1 and the fluid mixture (solvent+precursor) is
transported to the reactor. The solute is thermally decomposed

Fig. 4 SEM picture of the mixture of Fe4N and Fe2O3 obtained byin the reactor and the metallic part is precipitated on the
the decomposition of Fe(AcAc)3 in supercritical ammonia. (Treactor=PTFE film. The organic part, still soluble in the supercritical
180 °C; P=16 MPa).solvent, is trapped at the outlet of the installation.

Results and discussion

Chemical syntheses in supercritical fluids are known to allow
the obtention of powders with small particle size and narrow
distribution range. Indeed, these syntheses are based on homo-
geneous nucleation and large supersaturation in a supercritical
solvent and the size of the collected particles is very sensitive
to the supersaturation: the higher the supersaturation, the
smaller the particles.49 Moreover, in a supercritical fluid small
changes of pressure give rise to large changes in both density
and solubility.50 Thereby the optimization of working pressure
and temperature in the reactor allows the achievement of high
supersaturation and the formation of nanosized particles. This
is demonstrated by our results, obtained from the thermal
decomposition of Fe(AcAc)3 made in the dense fluid domain
and in the supercritical domain. Obviously, supercritical fluids
as reactive media allow the formation of smaller particles
(with waverage=50 nm, see Fig. 4) than those obtained in dense
fluids (with waverage=800 nm, see Fig. 5). The experiments have
shown that the final particle size depends on the variations of

Fig. 5 SEM picture of the mixture of Fe4N and Fe2O3 obtained bythe working conditions (T , P, solute supersaturation, hydro-
the decomposition of Fe(AcAc)3 in liquid ammonia. (Treactor=120 °C;dynamics, etc.). The relationship between size and working
P=10 MPa.)conditions is under study.

A solvolysis reaction occurs during the decomposition of
the precursor. Indeed, the particle reactivity is very high and Table 4 Cu and Fe nitride formation in supercritical ammonia
thus the use of ammonia may lead to metal nitrides. In the

Precursor Working conditions Productscase of Cu(AcAc)2 and Fe(AcAc)3 precursors, we have pre-
pared particles of copper nitride Cu3N at 200 °C and 17 MPa Cu(AcAc)2 Tmass exchanger=90 °C Cu3N with copper as
and iron nitride Fe4N at 180 °C and 16 MPa (Table 4). The Treactor=200 °C impurity
sample of Cu3N has been characterized by XRD. The pattern P=17 MPa
indicates that the Cu3N phase is obtained with copper as Ammonia flow=3 ml min−1

Fe(AcAc)3 Tmass exchanger=90 °C Mixture of Fe4N andimpurity (Fig. 6). In the case of the Fe(AcAc)3 decomposition,
Treactor=180 °C Fe2O3a mixture of both iron nitride Fe4N and iron oxide Fe2O3 was
P=16 MPaobserved (Table 4). This mixture has been characterized by
Ammonia flow=3 ml min−1

electron diffraction because this sample seems to be amorphous
to X-ray diffraction (Fig. 7, Table 5).

Aggregates of 50 nm are obtained in the case of the
Fe4N–Fe2O3 mixture. They consist of very small particlesTable 3 Solubility (at 90 °C and 10 MPa) and decomposition tempera-
(∏10 nm) with a narrow range of size distribution as shownture (at 16 MPa) values for Cu(AcAc)2 and Fe(AcAc)3 in ammonia
in Fig. 8. The iron oxide formation could be due to the high(the critical coordinates of ammonia are Tc=132.4 °C and Pc=11.29 MPa) reactivity of iron with oxygen present in the acetylacetonate
groups. New precursors free from oxygen are under study in

Solubility/g g−1 a Decomposition temperature/°C order to obtain metallic nanoparticles only.
It must be pointed out that our working temperatures forCu(AcAc)2 5.8×10−3 190

obtaining metal nitrides are clearly lower than those used inFe(AcAc)3 3.8×10−3 170
classical solid state chemistry routes. Classical ways for making

aGram of precursor per gram of fluid.
transition-metal nitrides involve high-temperature and high-
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Table 5 d-Values obtained for mixture of Fe4N and Fe2O3 (see Fig. 7)

dmeasured/Å dFe
4
N/Åa dFe

2
O
3

/Åa

6.47
4.76 4.76

4.01
3.79

3.34
3.24
3.15

2.99 2.981
2.804
2.728

2.684
2.55 2.573

2.548
2.458
2.372
2.295Fig. 6 X-Ray diffraction pattern of Cu3N obtained by the decompo-
2.243sition of Cu(AcAc)2 in supercritical ammonia (Treactor=200 °C; P=

2.19 2.19117 MPa.) *indicate the peaks relating to copper.
2.176
2.018
1.997
1.983
1.973
1.897
1.855
1.807

1.75 1.735
1.697

1.66 1.666
1.58

1.53 1.549
1.31 1.342
1.25 1.265

1.200
1.12 1.144

1.095
1.06 1.053
1.01 1.014
0.98 0.949
0.88

aFrom ASTM files.

tions, the electrical properties of the catalyst constitute one of
the key features, in particular when the materials show mixed
conductivity, i.e. fast transport of ions in addition to electronic
conductivity at various temperatures. In the case of oxides,
for instance, ionic conductivity is generally due to polarizing
cationic species such as H+ and Li+ , or polarisable anionic
O2−/O− entities. The aim of this work was then to elaborate
and to study some (O2−, OH− , F−) mixed-anion systems
showing good mixed conductivity, such as Sr(OH)X ( X=Cl,
Br, I )54 phases, which are known as protonic conductors.

From a chemical point of view, it was interesting to use
Fig. 7 Electron diffraction pattern of the mixture of Fe4N and Fe2O3 transition metal fluorides as starting materials, i.e. compounds
obtained by the decomposition of Fe(AcAc)3 in supercritical ammonia which already contain ionic MMF bonds, instead of substitut-
(Treactor=180 °C; P=16 MPa). (See Table 5.) ing oxy- or hydroxy-anions by fluorine in oxides or hydroxides

exhibiting stronger MMO (OH) bonds as was done in previous
work.55,56 From a structural point of view, and in order topressure reactions between a pure metal and a nitrogen

source.51 However, there are other ways to obtain metal produce good catalytic properties, we were rather interested
in open structures based on transition metal networks, suchnitrides, based on the use of precursors (such as organometall-

ics, acetates, salts etc.). In this case, the working conditions as tunnelled or layered frameworks, to enhance the ionic
conductivity and to favor electronic conductivity.are lowered. Indeed, single crystalline c∞-Fe4N can be obtained

by chemical transport from iron over [Fe(NH3)6 ]I2 ] in A suitable method would then consist of partial hydrolysis
in the case of a transition metal fluoride with the desiredsupercritical ammonia ( p(NH3)=600–800 MPa, 460 °C∏T∏

580 °C )].52 By heating CuF2 at 280 °C in NH3 , pure Cu3N is oxidation state, such as FeF3 , whereas oxidative hydrolysis
would occur for compounds with lower oxidation states, suchobtained.53
as FeF2 . We could also consider ternary fluorides such as
NH4FeF3 from which ammonium ions could be topotacticallyOpen-structure oxy(hydroxy)fluorides
deintercalated, thus entailing the replacement of F− by
OH−/O2− ions in an aqueous medium, in order to obtain anDuring the past few years, much work has been devoted to

the study of heterogeneous catalytic systems. In many reac- oxyfluoride or an oxy(hydroxy)fluoride.
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obtained a higher fluorine content; however it was limited
to e<0.3.

A method for preparing oxy(hydroxy)fluorides with the
hollandite-type structure which would lead to a much higher
fluorine content, involves the oxidation of transition metal
fluorides with H2O2 solutions. Using this route, we could
expect that F− and OH− would occupy the same type of sites
within the network, at the corners of the FeX6 octahedra,
instead of being present only as inserted species in the tunnels
of the framework. In this connection we describe here the
oxidative hydrolysis of the fluoroperovskite NH4FeF3 under
supercritical conditions.

Experimental setup

Our experiments were carried out in scCO2 ; a second high
pressure pump was added for the injection of the solution
(H2O2–H2O–ethanol ) at temperatures between 50 and 250 °C
approximately, and at pressures varying from 10 to 40 MPa.
The reactant used was a concentrated aqueous solution of
hydrogen peroxide (H2O2 , 30 M), diluted in an equal volume
of ethanol. The stainless steel reactor (5 mm diameter, 50 mm
long) (cell A of Fig. 3) was prepared as described above and
filled with freshly ground NH4FeF3 powder in a dry argon
glove box. It was subsequently mounted on the pressure line
in a programmable hot-air oven. The line was then flushed
with CO2 before raising the temperature and starting the
reaction.

During the treatment, great care should be taken in keeping
the system in supercritical conditions in order to avoid water
separation: water solubility in scCO2 remains low, and the
introduction of large quantities of water would lead to a two-
phase system.

Fig. 8 TEM picture of the mixture of Fe4N and Fe2O3 obtained by After the reaction, the reactor was flushed again with scCO2the decomposition of Fe(AcAc)3 in supercritical ammonia (Treactor= in order to eliminate residual water.180 °C; P=16 MPa).
The compounds obtained were characterized by electron

probe microanalysis (EPMA) (O/Fe and F/Fe ratios),
TGA–DTA coupled with mass spectrometry (adsorbed H2O,Unfortunately, several drawbacks arise from these methods:
OH and F contents), diffuse reflectance-IR, electronfirst, fluoride materials are generally sensitive to moisture;
microscopy (morphology of the particles) and X-ray

secondly, moderate temperatures, necessary to obtain open- diffraction.
structure materials, generally lead to low diffusion of the
reactive species (gaseous or liquid) through the solid fluoride Results and discussion
material, and then induce a gradient in the chemical composi-
tion of the final product. The oxidative process using the water–ethanol solution of

H2O2 in scCO2 on NH4FeF3 allowed us to prepare oxy(hyd-Therefore, we have chosen to use a supercritical medium
which allows very high diffusivity of the species through the roxy)fluorides with the general formula FeOF

1−x(OH)
x
ΩnH2O

(x∏0.2, n∏0.4), isostructural with b-FeOOH, i.e. exhibitingtransition metal fluorides and good elimination of water.
Supercritical CO2 (scCO2) with ethanol as a co-solvent the hollandite-type structure (Fig. 9b). The frameworks of the

rutile-type and the hollandite-type structures are built of chainsappeared to be a good candidate.
In order to demonstrate the interest and capability of this of octahedra sharing opposite edges (Fig. 9). In the case of

the rutile structure, single chains are connected to one othermethod for preparing 3d-transition metal oxyfluorides, we
focused our attention on iron-based compounds, owing to the by vertices, whereas in the hollandite structure double chains

sharing edges form large square tunnels of about 2×0.5 nmwell known stability of the two oxidation states + (3d6) and
+ (3d5) present in iron oxides and fluorides. In addition, section and running along the c direction. The small amount

of water which is present in the compounds mainly dependsseveral attempts were made over the last few decades to
prepare iron oxyfluorides with open frameworks.57 It should on the conditions of the final CO2 treatment, performed after

the reaction.be pointed out that only the rutile form of FeOF (Fig. 9a) has
been obtained so far, by high temperature reaction.58,59 After optimization of the experimental supercritical con-

ditions, NH4FeF3 was treated at 150 °C for 30 min under aNumerous works have also been reported concerning an
iron oxyhydroxide exhibiting an open structure (hollandite scCO2 pressure of 30 MPa. The volume of the injected H2O2

solution (as described above) was 15 ml. The X-ray diffractiontype): b-FeOOH.60,61 This compound was obtained by
hydrolysis of FeCl3 .62–64 It has been shown that residual Cl− pattern shows a well crystallized single phase with a hollandite-

type structure (sample A; Fig. 10a). The tetragonal cell param-anions are always present in the tunnels of the framework,
keeping it from collapsing.65 Some attempts have been made eters (a=1.036 nm, c=0.302 nm) are slightly smaller than

those reported for b-FeOOH57 (a=1.053 nm, c=0.303 nm).to prepare the corresponding fluorinated phase FeO(OH)
1−eFe

via the hydrolysis of FeF3 . The material contained only a few The lower a-value could be related to the presence of F−
anions instead of OH− in the framework.atom% of F− anions which were located in the tunnel sites of

the structure.60 Other authors tried to synthesize such com- We have also prepared, using the standard hydrolysis route,
two other compounds also exhibiting the same hollanditepounds by the hydrolysis of iron hydroxides56 or nitrates55,66

in a concentrated NaF or NH4F aqueous solution, and structure: a slightly chlorinated hydrated iron oxyhydroxide

72 J. Mater. Chem., 1999, 9, 67–75



Fig. 9 a) Rutile-type FeOF and b) open-structure hollandite-type ‘FeOFΩnH2O’ prepared in supercritical medium (sample A).

Fig. 10 Powder XRD patterns of a) hollandite-type FeOF
1−x(OH)

x
ΩnH2O prepared in supercritical medium (sample A) and b) slightly

fluorinated b-FeOOH prepared by the classical hydrolysis route (sample C).

(sample B), by hydrolysis of FeCl3 as reported earlier;62–64 by DTA–TGA (under flowing nitrogen) coupled with mass
spectrometry. The amount of water molecules depends on theand a slightly fluorinated hydrated iron oxyhydroxide (sample

C), by hydrolysis of FeF3 .60 This latter type of compound conditions of the final CO2 flow and varies from 0 to 0.4. In
the case of sample A obtained as described above, the composi-reveals a much lower crystallinity than those prepared in

supercritical conditions, as shown in Fig. 10b. tion is FeOF0.9(OH)0.1 .
The FeOF

1−x(OH )
x
ΩnH2O compounds were checked byIn order to check the effectiveness of the oxidizing reaction

and the final oxidation state of iron, samples obtained by infrared spectroscopy (diffuse reflectance), as well as hydrated
b-FeO(OH,Cl ) (sample B), as shown in Table 6.supercritical treatment were treated afterwards under flowing

HF at moderate temperatures (40<T<150 °C ) for 2 hours. The spectrum of sample B shows the characteristic bands
of slightly chlorinated b-FeOOH, as reported earlier,57,61,67 inThis type of fluorination reaction is known to be non-oxidative,

and leads to an exchange of O2− and OH− anions by F− . particular those of the deformation mode of the FeKOKFe
bonds (n=1070–1030 cm−1), and the asymmetric and sym-The phase obtained after reaction with HF corresponds to

rhombohedral FeF3 (ReO3-derived phase), as characterized metric vibrations of FeKOKFe bonds at n=700 and 420 cm−1 ,
respectively. Large quantities of water are also detected (n=by XRD and EPMA. This result confirms that all Fe2+ from

NH4FeF3 had been fully oxidized to Fe3+ during the reaction 3400–3300 cm−1 , 1620 cm−1).
The spectra of the oxy(hydroxy)fluorides prepared in thiswith H2O2 in supercritical CO2–H2O–ethanol.

The atomic ratios O/Fe and F/Fe have been estimated by work differ from those of chlorinated b-FeOOH: in addition
to the FeKOKFe vibrations mentioned above and located atEPMA and the fluorine and water contents have been obtained
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Table 6 Infared band assignments for FeOF
1−x(OH)

x
ΩnH2O and for slightly chlorinated iron oxyhydroxide (sample B) obtained by conventional

hydrolysis of FeCl3

FeOF
1−x(OH)

x
ΩnH2O Hydrated b-FeO(OH,Cl ) (sample B)

Type of
n/cm−1 Intensity (a.u.) vibration n/cm−1 Intensity (a.u.)

3500–3400 s n(OH) 3480–3360 vs
3180 s Characteristic of fluorinated compounda — —
1619 mw d(HKOKH) 1615 s
1080 w L Deformation modes of FeKO(H )KFe61 1070 vw
1020 K 1030 wm
956 m Characteristic of fluorinated compounda — —
845 w Interaction of H2O with hollandite tunnels61 845 m
705 ms Asymmetric vibration of FeKOKFe in hollandite 650–700 ms
424 w Symmetric vibration of FeKOKFe in hollandite 420 vw

Intensities: vs=very strong; s=strong; m=medium; w=weak; vw=very weak. aThese bands were assigned in previous works57,61 to the
signature of the presence of fluorine species in the structure.

n=1080–1020, 705, 425 cm−1 , two strong bands appear at n= CO2 medium) through the NH4FeF3 network coupled to the
efficient elimination of water allows the synthesis of new types3180 and 956 cm−1 . They were also found with much lower

intensity in slightly fluorinated b-FeOOH,57 and seem charac- of compounds which adopt the hollandite-type structure with
a framework exhibiting large tunnels; (ii) the phase corre-teristic of fluorinated oxy-compounds. The amount of water

present in the tunnels of sample A, which is in any case smaller sponding to the FeOF0.9(OH)0.1 chemical composition shows
a high fluorine content compared to fluorinated iron oxyhyd-than for sample B obtained via conventional hydrolysis,

depends on the final CO2 treatment. This may be related to roxides prepared by conventional routes.
The use of this method is now in progress for preparingthe fact that flushing the reactor with the supercritical

CO2–ethanol mixture helps to eliminate residual water.61 This other metastable phases with various transition metals, such
as lamellar structures containing large interlayer spaces.is evident by the lowering of the intensity of the band at

845 cm−1 .
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structural parameters of these new oxy(hydroxy)fluorides. A
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