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MORPHOLOGICAL CHARACTERISTICS
OF HYDROTHERMALLY SYNTHESIZED IRON
TRIFLUORIDES WITH VARIOUS HYDRATION DEGREES

PACS 75.75.-c,
81.05.Ni, 81.20.Ka

The crystalline and magnetic microstructures and the morphological features of 𝛽-FeF3 3H2O,
HTB-FeF30.33H2O, and r-FeF3 iron fluorides hydrothermally synthesized and annealed in
the argon atmosphere have been studied. The dehydration process of plate-like 𝛽-FeF33H2O
particles is studied in detail, and the model for corresponding structural modifications is pro-
posed. The developed model is used to synthesize ultradispersed HTB-FeF30.33H2O and r-FeF3

materials. The r-FeF3 phase is found to be partially in the superparamagnetic state, with the
particle size being comparable with the average size of coherent scattering regions.
K e yw o r d s: iron trifluoride, dehydration, morphological properties, Mössbauer spectroscopy,
thermogravimetric analysis, superparamagnetic state.

1. Introduction

Iron trifluoride r-FeF3 is one of the most promis-
ing cathode materials. This fact is associated with
the stability of its crystal structure owing to strong
ionic bonds metal-ligand and a relatively high open-
circuit voltage (up to 4 V with respect to Li+/Li) at
rather a small molar mass [1–4]. The maximum the-
oretical specific capacity of the substance amounts to
712 A h/kg. Iron trifluoride can be considered as a
competitor to the market-dominating cathode mate-
rial on the basis of LiCoO2 and to another promis-
ing compound, LiFePO4. At the same time, r-FeF3

is an insulator with an energy gap width of 4.48 eV
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and rather a low conductivity [5, 6]. These properties
are the main obstacle for its application in electro-
chemical current sources. The application of nanos-
tructured materials and nanocomposites with con-
ducting additives makes it possible to optimize the
processes of charge transport in the electrode and par-
tially solve this problem.

Iron fluorides with nano-sized particles are mainly
synthesized, by using liquid-phase methods [7, 8]. At
the same time, it is highly probable that the ther-
mal dehydration of obtained hydrated products is ac-
companied by their pyrohydrolysis, which gives rise
to the formation of the hematite phase [9]. In spite
of a considerable interest in this problem, the de-
hydration of iron trifluoride crystalline hydrates re-
mains to be rather poorly studied. Moreover, the lit-
erature sources give contradictory data on the tem-
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Fig. 1. Experimental diffraction patterns of the 𝛽-FeF33H2O
phase (points) and the results of its analysis by the Rietveld
method (curve). The differential spectrum and the experi-
mental diffraction pattern [10], which was included into the
database PDF: 32-0464, are shown below. The Mössbauer spec-
trum of the material concerned is depicted in the inset

perature regimes required for a fabrication of water-
free r-FeF3. The available fragmentary reports do
not provide a complete picture of structural phase
transformations occurring at the annealing of hy-
drated nanostructured iron trifluorides. This circum-
stance, in its turn, does not allow one to synthe-
size materials with required structural and morpho-
logical characteristics suitable for the application to
the technology of lithium current sources. Therefore,
the fabrication of iron trifluoride with nano-sized
particles and various hydration degrees, as well as
its water-free forms, together with the establish-
ment of interrelations between the synthesis condi-
tions and the morphological and structural features
of obtained materials, composes an important scien-
tific and practical problem. This work is devoted to
its solution.

2. Experimental Technique

In order to produce the crystalline hydrate of iron
trifluoride, FeF33H2O, we combined the liquid-phase
and hydrothermal methods. At the first stage, the
25% ammonia solution was introduced drop-by-drop
into the 0.1M aqueous solution of Fe(NO3)3 under
conditions of the intense stirring of the latter un-
til the precipitate of iron hydroxide, Fe(OH)3, ap-

peared. The precipitate was held for 4 h, washed out
with deionized water to 𝑝𝐻 = 6.7, and centrifu-
gated. At the next stage, as-precipitated iron hydrox-
ide, Fe(OH)3, was dissolved in the 40% hydrofluoric
acid to form [FeF6]3− cation complexes. The obtained
transparent and colorless solution was held in an au-
toclave for 10 h at a temperature of 70 ∘C. The so-
lution was permanently stirred until a pink color ap-
peared. Then the solution was evaporated in air at
80 ∘C to obtain a pink precipitate, FeF33H2O. The
remaining HF and water were removed by drying the
precipitate in a vacuum furnace at a temperature of
80 ∘C for 12 h.

The phase composition and the crystal structure of
synthesized materials were analyzed with the help of
a diffractometer DRON-3.0 with the Bragg–Brentano
focusing geometry of X-rays in the radiation emit-
ted by a copper anode (𝛼 = 1.54178 Å) and with a
Ni filter. For studying the magnetic microstructure,
the method of Mössbauer spectroscopy was used: an
MS-1104Em device, the constant-acceleration regime,
the Co57 isotope with an activity of 100 mCi in a
chromium matrix serving as a source of 𝛾 quanta,
the line width of metallic 𝛼-Fe equal to 0.21 mm/s,
and the calibration of isomeric shifts with respect
to 𝛼-Fe.

Thermogravimetric researches were carried out on
a thermal analyzer STA 499 F3 JUPITER in an ar-
gon flux of 0.4×10−7 m3/s at a temperature variation
rate of 5 ∘C/min in an interval of 20–600 ∘C. The
structure-adsorption characteristics were determined
by analyzing the isotherms of nitrogen sorption at
the temperature 𝑇 = −195.75 ∘C (77.4 K) on an au-
tomatic sorbometer Quantachrome Autosorb (Nova
2200e). The specimens were preliminarily degassed in
a vacuum chamber with a residual pressure of 1.3 Pa
at temperatures of 80–120 ∘C for 2 h. Morphologi-
cal researches of the structure were carried out on a
raster electron microscope JSM-6700F.

3. Results and Their Discussion

According to the results of X-ray phase analysis
(XPA) and Mössbauer spectroscopy (Fig. 1), the pro-
duced material was the 𝛽-form of the crystalline hy-
drate of iron trifluoride (𝛽-FeF33H2O, PDF: 32-0464
[10]) with a modified crystallographic basis proposed
by us in work [11] (see Table). In particular, the co-
ordinates for F− and O2− ions in (8g)-positions were
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changed from (0.2754, 0.1025, 0.1394) (coordinates
were given in work [12], PDF: 85-0404, ICSD 14134)
to (0.2754, 0.1025, 0.8794).

A satisfactory agreement between the experimen-
tal and calculated diffraction patterns was obtained,
when we assumed the existence of such a texture,
in which lamellar particles with the orientation in
the (100) plane prevailed [13]. The general view of
the crystalline structure of 𝛽-FeF33H2O with the
proposed crystallographic basis (Table) is illustrated
in Fig. 2.

According to this model, [Fe(H2O)2F2F2] octahe-
dra with the central cation Fe3+ are located in the
plane with the prevailing (100) orientation of parti-
cles along the [001] direction of the crystallographic
axis. Those octahedra form structural chains along
the direction of their axial axes. For the connec-
tion, they use common F− anions located at the
axial vertices of octahedra. The model is supported
by the results of Mössbauer spectroscopy (Fig. 1),
according to which there is only one type of octa-
hedral positions for the localization of Fe57 nuclei
in the material structure. The Mössbauer spectrum
is formed by a single doublet component with the
parameters 𝐼𝑆 = 0.42 mm/s and 𝑄𝑆 = 0.61 mm/s,
which unambiguously testifies that the material con-
tains only Fe3+ ions in the close environment of
the same type. As a result, the equiprobable filling
of the equatorial plane of [Fe(H2O)2F2F2] octahe-
dra by F− ions and H2O molecules is observed. The
chains of [Fe(H2O)2F2F2] octahedra in the structure
of 𝛽-FeF33H2O are separated by water molecules lo-
cated at (2b)-positions. The latter form chains ori-
ented along the crystallographic axis [001] and with a
bond length of 3.8770 Å in between. On a micrograph
(Fig. 3, a), one can clearly distinct prismatic blocks
with average dimensions of about 1× 1× 5 𝜇m3 and
their separate fragments. The whole picture corre-

Basis parameters for the crystal
structure (of the 𝛽-FeF33H2O phase
(space group P4/nS, Fedorov group 85)

Atom # Ox. Pos. 𝑥 𝑦 𝑧 SOF B

Fe 1 +3 2𝑐 0 0.5 0.1453 1 1.29
F 1 –1 2𝑐 0 0.5 0.6421 1 1.34
O 1 –2 2𝑏 0 0 0.5 1 1.75
O 2 –2 8g 0.2754 0.1025 0.8794 0.5 2.08
F 2 –1 8g 0.2754 0.1025 0.8794 0.5 2.08

Fig. 2. Model of crystal structure for the 𝛽-FeF33H2O phase

Fig. 3. Microscopic images of the obtained 𝛽-FeF33H2O
material
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Fig. 4. TG, DTG, and DTA curves for the synthesized 𝛽-
FeF33H2O material

sponds to the tetragonal structure of the 𝛽-FeF33H2O
phase.

The obtained results agree with the data of works
[14–16]. When producing the 𝛽-FeF33H2O phase,
the cited authors used the method of crystalliza-
tion from the oversaturated solutions [14], hydrother-
mal method with the application of surfactants
[15], and simple liquid-phase method [16]. They
marked that the main macrostructural elements of
the 𝛽-FeF33H2O phase are micron-sized tetragonal
blocks. However, in our case, as one can see from the
scaled-up image of the surface of a separate block
(Fig. 3, b), a lamellar structure is formed, with parti-
cles in the form of lamellae with average dimensions
of 150× 500 nm2. This fact confirms our assumption
that there is a texture in the (100) plane.

The formation of a lamellar structure is a result
of the application of a hydrothermal treatment under
the conditions, when the formation of a considerable
number of nucleation centers in the whole volume of
the solution is highly probable. As an evidence for
this model, we may take the change of the solution
color from colorless to pink owing to polycondensa-
tion processes and the formation of [Fe(H2O)2F2F2]
octahedron chains. Under the acid-medium condi-
tions, the hydrolysis degree of a reaction mixture
is rather insignificant. Therefore, we may assert that
there are almost no OH+ groups in vicinities of iron
ions, where water molecules dominate absolutely. As
a result of the further evaporation, individual chains
unite with one another – this process occurs owing

to the van der Waals interaction between the H2O
molecules located on the lateral surfaces of chains in
the near-surface region of the solution, where the in-
tense evaporation takes place – and form particles
with the lamellar morphology. Hence, it was the ap-
plied synthesis conditions that stimulated the prevail-
ing direction of particle growth in the (100) plane.

In the course of further concentration of the so-
lution with the help of the evaporation, the 𝛽-
FeF33H2O phase precipitates in the form of tetrag-
onal prisms, which are agglomerates of lamellar par-
ticles. The corresponding size of coherent scattering
regions (CSRs) was estimated with the help of the
Williamson–Hall method on the basis of XPA data
to equal about 42 nm, which gives a notion about the
thickness of the plates in the direction of the crystal-
lographic axis [001], as well as about their structure:
the plates are agglomerates of separate CSRs in the
form of distorted cubes (with a shape close to the
spherical one), which are united in the (100) plane
into one or several layers.

To obtain information concerning the development
of dehydration processes in the obtained 𝛽-FeF33H2O
phase with lamellar particles, thermogravimetric
(TG) researches were carried out (Fig. 4). To prevent
the pyrohydrolysis [9], we applied the annealing in
the argon atmosphere. In comparison with thermo-
gravimetric researches of commercial crystalline hy-
drate 𝛽-FeF33H2O [11], the dehydration process be-
gan, in our case, at a temperature of 100 ∘C. More
specifically, a shift of the temperature interval, in
which the main mass fraction was lost (in our case,
this was an interval from 100 to 215 ∘C) toward low
temperatures by about 15 ∘C was detected (see the
TG-curve in Fig. 4). Probably, this phenomenon is a
result of the combined action of two factors. First,
this is the size non-uniformity for both constitut-
ing particles and their agglomerates: the CSR size
amounted to about 52 nm for the commercial ma-
terial, and about 42 nm for that synthesized by
us. In both cases, the material structure was created
by packets of [Fe(H2O)2F2F2] octahedra with water
molecules localized in between. At the thermal treat-
ment, the crystallites delaminated along the family
of (110) planes, which was followed by the removal
of some H2O molecules from the as-formed surfaces
in the course of transformation from the tetragonal
structure into the orthorhombic one. The efficiency of
this process was governed by the dimensions of crys-
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tallites. Second, the formation of agglomerates from
particles with the lamellar morphology was observed
in the synthesized material. Therefore, sorbed wa-
ter molecules might remain located between separate
plates. As a result, the dehydration region for the syn-
thesized material shifted toward lower temperatures
and was characterized by a complicated scenario of
mass loss at this stage. The differential thermogravi-
metric (DTG) curve characterizing the rate of mass
loss has a global maximum at 180 ∘C. In addition,
the DTG and DTA (differential thermal analysis)
curves reveal insignificant local minima in a vicinity
of 159 ∘C, which may be associated, probably, with
the removal of adsorbed OH− groups.

Hence, the dehydration of crystalline hydrate 𝛽-
FeF33H2O with lamellar particles is a multistage pro-
cess. At the first stage, OH− groups are desorbed in
a temperature interval of 100–162 ∘C, which is ver-
ified by the presence of an endo peak in the DTA
curve at 159 ∘C and a change of the TG-curve slope
in a vicinity of 162 ∘C. The corresponding mass loss
amounts to 8.6%. The next stage includes the phase
transition 𝛽-FeF33H2O → HTB-FeF33H2O with the
removal of hydrated water (2.67 H2O molecules per
FeF33H2O formula unit) in a temperature interval
of 162–215 ∘C, which is verified by the presence of
the main endo peak in the DTA curve in a vicin-
ity of 175 ∘C [11] and the correspondence of the
measured mass loss of the specimen to a theoreti-
cally calculated value of 28.8% (crystalline hydrate
HTB-FeF30.33H2O has Cmcm space group symme-
try [17]). The third stage includes the phase tran-
sition HTB-FeF30.33H2O → HTB-FeF3 followed by
the removal of hydrated water in a temperature in-
terval of 215–460 ∘C. At this stage, no variations in
the crystal structure and its parameters take place
[18]. In this temperature interval, no changes were
fixed in the DTA curve, but a change in the TG-
curve slope was observed in a vicinity of 400 ∘C. A
gradual reduction of the mass loss rate was de-
tected in a temperature interval of 215–460 ∘C. The
mass loss itself at this stage amounted to about
4%, which corresponds to the theoretically calcu-
lated value. The HTB-FeF3 phase was metastable
and irreversibly transformed into rhombohedral r-
FeF3 (R-3cR space group symmetry), with no spec-
imen mass being lost at that. The further heating of
the specimen to 600 ∘C did not change its structure
and mass.

Fig. 5. Experimental diffraction patterns (points) and the re-
sults of their analysis using the Rietveld method (curves) for
the 𝛽-FeF33H2O (a) and r-FeF3 (b) phases. The correspond-
ing differential spectra and theoretical diffraction patterns are
shown below. The insets illustrate the corresponding models of
crystal structure

The results of thermogravimetric analysis obtained
for the development of the dehydration process of 𝛽-
FeF33H3O formed a basis for the selection of a strat-
egy for producing FeF30.33H2O and FeF3. The for-
mer was obtained by applying the thermal annealing
in the argon atmosphere at a temperature of 180 ∘C
for 4 h. For producing the latter, the initial crystalline
hydrate was thermally annealed in the argon flux (a
rate of gas supply of 42 × 10−9 m3/s) at a tempera-
ture of 400 ∘C for 4 h. In our case, the holding time
was increased to 4 h in comparison with the dehy-
dration procedure applied in work [11] in order to
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Fig. 6. Mössbauer spectra of HTB-FeF30.33H2O (a) and r-
FeF3 (b)

provide the monophase character of the decomposi-
tion end-products. As a result, according to the XPA
data (Fig. 5), we obtained the following monophase
materials: HTB-FeF30.33H2O with the structure of
hexagonal tungsten bronze (PDF: 76-1262) and the
rhombohedral modification of iron trifluoride, r-FeF3

(PDF: 33-0647).
The average CSR sizes were estimated within

the Williamson–Hall method. For the mentioned
phases, they amounted to 26 (HTB-FeF30,33H2O)
and 23 nm (r-FeF3). According to the Mössbauer
spectroscopy data (Fig. 6), the structure of the ob-
tained HTB-FeF30,33H2O phase was characterized
by only one type of octahedral positions for the
localization of Fe57 nuclei, because the Mössbauer
spectrum was formed by a single doublet compo-
nent with the parameters 𝐼𝑆 = 0.42 mm/s and
𝑄𝑆 = 0.59 mm/s (Fig. 6, a). At the same time,
the Mössbauer spectrum of the r-FeF3 specimen
(Fig. 6, b) was a superposition of a Zeeman sextet
and two doublet components. The sextet with the
parameters 𝐼𝑆 = 0.46 mm/s, 𝑄𝑆 = 0.05 mm/s,
and 𝐻 = 399 kOe and the major doublet compo-
nent were formed as a result of the resonant absorp-
tion of 𝛾-quanta by Fe57 nuclei that entered the r-
FeF3 particles. The latter were in either a magnet-
ically ordered (72%) or a superparamagnetic (25%)
state.

It is worth noting that the magnitude of quadrupole
splitting for the dominant doublet component (𝑄𝑆 =
0.64 mm/s) differs from the result of work [11],
where the value 𝑄𝑆 = 0.12 mm/s was registered. The

value of quadrupole splitting close to zero agrees
well with the crystallographic model, in which the
near environment of every Fe3+ ion – it is formed
by F− anions – is spherically symmetric. The ob-
served changes are associated with morphological
features of the material composed of particles with
a pronounced prismatic shape (Fig. 7, c). At the
same time, these blocks are agglomerates of par-
ticles with an average size of about 20–30 nm
(Fig. 7, d).

Thus, the following model can be developed for
the structural transformations occurring at the de-
hydration of the 𝛽-FeF33H2O phase (Fig. 8). In the
course of heating, after the removal of adsorbed OH−

groups, the specimen starts to lose hydrated wa-
ter. First of all, H2O molecules escape from some of
(2b) structural positions in 𝛽-FeF33H2O. As a result,
the tetragonal blocks inherent to this phase crack
along the [001] crystallographic axis and the family
of (110) planes (Fig. 8) to form prismatic blocks.
The further removal of H2O molecules entering the
composition of [Fe(H2O)2F2F2] octahedra from the
(8g) structural positions, stimulates the phase tran-
sition 𝛽-FeF33H2O → HTB-FeF30.33H2O. As a re-
sult, the crystal lattice transforms from tetragonal
into orthorhombic. This process is accompanied by
the formation of [FeF6] octahedra. The latter join
with one another by means of four common vertices
and form hexagonal channels filled with molecules of
structurally bound water in the HTB-FeF30.33H2O
structure. After all those processes have terminated,
the annealing of the specimen in an inert atmosphere
at a temperature of 180 ∘C for 4 h gives rise to the for-
mation of structural blocks of the HTB-FeF30.33H2O
phase of the “corn-cob” type (Fig. 8). The blocks are
agglomerates of particles which look like hexagonal
prisms elongated along the crystallographic axis [001]
and with a lateral face width of about 200 nm. In
this case, the formation of a fine grain structure
(Fig. 7, b) marks the beginning of the next dehydra-
tion stage: the removal of water molecules from the
(4c) structural positions in the HTB-FeF30.33H2O
phase. As a result, the hexagonal rods become sep-
arated into grains perpendicularly to their axial
axes. The average CSR size in this phase amounts
to about 26 nm.

When the temperature increases to 400 ∘C, the
phase transition HTB-FeF30.33H2O → r-FeF3 takes
place. It is acompanied by the transformation of the
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Fig. 7. Microscopic images of the obtained materials: HTB-FeF30.33H2O (a and b) and r-FeF3 (c and d)

crystal lattice from orthorhombic into rhombohe-
dral. The structural blocks of the “corn-cob” type in-
herent to the HTB-FeF30.33H2O phase become de-
stroyed: the particles of this phase in the form of
hexagonal prisms crack further along the crystallo-
graphic axis [001] and form blocks of the r-FeF3

phase. These blocks are trihedral prisms (Fig. 8), and
they are agglomerates of particles with an average size
of about 20–30 nm (Fig. 7, d), which are characterized
by the presence of a surface “crust”. In this case, the
size of constituting particles is comparable with the
average size of CSR in this phase (23 nm). This con-
clusion is confirmed by the results of Mössbauer spec-
troscopy, according to which 25 wt.% of the material
are in the superparamagnetic state, which assumes
that there should exist particles with dimensions less
than 16 nm [11].

Fig. 8. Model of structural transformations at the dehydra-
tion of the obtained material 𝛽-FeF33H2O

Our conclusions about the particle dispersion in
the obtained materials during their dehydration agree
with results of the adsorption porometry. In particu-
lar, the specific surface areas for the 𝛽-FeF33H2O,
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HTB-FeF30.33H2O, and r-FeF3 phases amount to
2, 10, and 50 m2/g, respectively. As an additional
confirmation, we may consider the established mi-
nor doublet component (with a relative content of
about 3%) in the Mössbauer spectrum of the r-
FeF3 phase. The parameters of this component, 𝐼𝑆 =
= 0.45 mm/s and 𝑄𝑆 = 2.02 mm/s, mean that it ap-
pears owing to the resonant absorption by the nuclei
of iron ions in a state that is intermediate between the
Fe2+ and Fe3+ ones, which testifies to a substantially
developed surface of the specimen.

4. Conclusions

To summarize, the hydrothermal synthesis and the
following thermal annealing were applied to ob-
tain 𝛽-FeF33H2O, HTB-FeF30.33H2O, and r-FeF3

monophases, in which particles possess the morphol-
ogy of tetragonal prisms, are blocks of the “corn-
cob” type, and look like trihedral prisms, respec-
tively. The constituting particles in the 𝛽-FeF33H2O
phase have a lamellar morphology and are character-
ized by average dimensions of 150× 500 nm2. At the
same time, the particles in the HTB-FeF30.33H2O
phase have a morphology of hexagonal prisms elon-
gated along the crystallographic axis [001] and with a
lateral face width of about 200 nm. The average sizes
of CSRs in those phases amount to 42 and 26 nm,
respectively.

The main structural blocks of the r-FeF3 phase are
trihedral prisms with a surface “crust”. Beneath the
crust, there are agglomerated constituting particles,
whose size is comparable with the average size of CSR
in this phase (23 nm). About 25% of the material are
in the superparamagnetic state.

A model has been proposed for those structural
transformations that accompany the dehydration pro-
cess of crystalline hydrate 𝛽-FeF33H2O. It is shown
that the sequence of phase transitions 𝛽-FeF33H2O →
→ HTB-FeF30.33H2O → r-FeF3 gives rise to the re-
moval of H2O molecules from the structural positions
(2b) and (8g) in the 𝛽-FeF33H2O phase and the (4c)
position in the HTB-FeF30.33H2O phase, which is
accompanied by the destruction of prismatic parti-
cles in those phases along their crystallographic axis
[001]. As a result, a decrease of the particle size and
an increase of the specific surface area in the end-
product (the FeF3 phase) to a value of 50 m2/g were
observed.
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МОРФОЛОГIЧНI ХАРАКТЕРИСТИКИ
ТРИФТОРИДIВ ЗАЛIЗА РIЗНОГО СТУПЕНЯ
ГIДРАТАЦIЇ, ОТРИМАНИХ
ГIДРОТЕРМАЛЬНИМ МЕТОДОМ

Р е з ю м е

В роботi проведено дослiдження кристалiчної i магнiтної
мiкроструктур та морфологiчних особливостей матерiалiв
𝛽-FeF3·3H2O, HTB-FeF3·0,33H2O та r-FeF3, отриманих гi-
дротермальним методом з наступним вiдпалом в атмосферi
аргону. Детально вивчено процес дегiдратацiї кристалогi-
драту 𝛽-FeF3·3H2O з частинками пластинчастої форми та
запропоновано модель структурних перетворень. Застосо-
вуючи отриманi узагальнення, синтезовано ультрадиспер-
снi HTB-FeF3·0,33H2O та 𝑟-FeF3. Встановлено, що фаза r-
FeF3 частково перебуває в суперпарамагнiтному станi, при
цьому розмiр частинок матерiалу спiвмiрний iз середнiми
розмiрами областей когерентного розсiювання.
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