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Abstract. The properties and prospects of application of fluoride
nanoparticles are discussed. Pyrohydrolysis is considered as the
key process determining the chemistry and technology of fluo-
rides; its role increases on going to the nanosize region. The
physical and chemical methods for the synthesis of fluoride
nanoparticles, one- and two-dimensional nanoobjects as well as
approaches to the preparation of nanocomposites (glass ceramics,
heterovalent solid solutions with defect clusters, eutectoid com-
posites, etc.) are analysed. Nanotechnology techniques used to
produce heterogeneous nanoobjects are outlined. The biblio-
graphy includes 238 references.

I. Introduction

In recent years, nanosized particles have attracted increasing
interest due to their unique physical and chemical properties,
which differ from the properties of macro- and microparticles.
However, nanoparticles of inorganic fluorides have received less
attention than nanoparticles of other classes of compounds such
as metals, oxides and semiconductors. In particular, nanoparticles
of inorganic fluorides were not mentioned in the handbook ! and
only one of 668 references in the review 2 refers to fluorides. Major
publications on fluoride nanoparticles appeared in the last 5 years.

The synthesis and investigations of fluoride nanoparticles are
of interest for to the following reasons.

Laser ceramics was developed based on yttrium aluminium
garnet and rare-earth oxides. The optical transmission, optical
losses and spectral-generation characteristics of this ceramics are
not virtually inferior to those of single crystals.>* Considerable
progress in the nanoparticle preparation technology was achieved
with the use of self-organisation processes of nanoparticles. The
advantages of laser nanoceramics over single crystals include the
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possibility of producing large objects, improved mechanical
characteristics, uniform distribution and high concentrations of
activating ions and the possibility of preparing a transparent
optical medium where the synthesis of single crystals presents
problems.

Analysis of the trends of development of modern photonics in
different countries demonstrated that devices based on fluoride
compounds will play a considerable role in the nearest future. This
statement is supported by the following physical facts:

— transmission of fluorides in a wide spectral region (from 0.2
to 6 um); short phonon spectra preventing the development of the
adverse effect of multiphonon relaxation in electronic levels of
impurity ions;

— the ease of introduction of considerable amounts of active
rare-earthions (up to concentrations of 102! cm—3) into fluorides;

— better mechanical properties and higher moisture resist-
ance of fluorides compared to other classes of compounds having
a wide transmission window, such as chlorides and chalcogenides;

— high thermal conductivity of fluorides.

Due to the above-mentioned advantages, fluorides, primarily
as single crystals, are successfully used for the production of active
and passive elements of laser systems employed in medicine,
ecology and informatics, in particular, as elements of unique
tunable lasers.

In the light of the above, the possibility of constructing
analogous fluoride nanoceramics for photonics (lasers, scintilla-
tors, etc.) primarily based on alkaline-earth fluorides doped with
rare-earth metals is very attractive.> 3

Certain parameters of nanoparticles are improved compared
to bulk crystals. The special spectroscopic properties of nano-
particles containing lanthanide ions are determined by the follow-
ing circumstances:® 12

— the absence of low-energy phonons and low density of
phonons resulting in a radical change in the dynamics of energy
transfer;

— a change in local symmetry of cations in small clusters and
on the particle surface;

— small Stark splitting due to a decrease in the crystal field
strength.

These features are responsible for the specific nature and
prospects of development of nanophotonics. In particular, the
luminescence intensity and the lifetime of the excited state for a
nanocrystalline NaGdF,: Eu3* powder increase with a decrease
in particle size from 60 to 14 nm.!! Thus, nanopowders of various
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fluorides doped with lanthanide ions hold promise for the
production of monitor displays, optical amplifiers, lasers and
phosphors.!-13-15

Sodium fluoride nanoparticles doped with uranium exhibit
much higher electron emission than single crystals, due to which
these nanoparticles were recommended as materials for probes for
cytological, microbiological and medical studies.!®

Fluoride nanoparticles, to be more precise, powders with very
high specific surface area (up to 200 m? g—! and larger) have
attracted interest as materials for new types of catalysts. Due to
high specific surface area, fluorides can serve as very efficient acid
catalysts because coordinatively unsaturated sites of metal atoms
are accumulated on the surface of such compounds.!”- 18 Powders
of fluorides AlF5, ‘AICIF’, FeFs and CrF3 with highly developed
surface act as very strong Lewis acids, which are comparable in or
even stronger than SbFs. Nanocrystalline magnesium fluoride can
be used as a sorbent (support).!”-2! The catalytic activity is
particularly high if compounds are amorphous.

In some cases, the synthesis of fluoride nanoparticles is
simpler, more efficient and is characterised by a higher output
compared to conventional methods for the preparation of single
and polycrystals (sintering or fusion of precursors at high temper-
ature in a fluorinating atmosphere). In particular, this is true for
the synthesis of complex fluorides by precipitation from solutions,
which does not require complicated apparatus. The preparation of
powders in the sol—gel process occurs much more rapidly than in
the solid-phase synthesis, which was exemplified by BaMgF4 and
SrAlFs as promising nonlinear optical crystals for laser frequency
conversion to the UV range.??

Fluoride nanoparticles possess enhanced reactivity due to
which the temperature of solid-phase reactions with their involve-
ment can be lowered.

Composites containing nanocrystalline lithium fluoride and a
conducting phase (carbon or metals) were patented as electrode
materials for reversible lithium batteries.??

Nanoparticles of calcium fluorophosphates favour remineral-
isation of tooth enamel thus preventing caries and tooth eruption
and improving the quality of tooth fillings.?*2> The addition of
YDbF; (as well as BaSO4) nanoparticles to dental cements improves
their mechanical characteristics.2°

Nanocomposites, among which are fluoride glasses and
heterovalent solid solutions primarily of alkaline-earth and rare-
earth fluorides, are polyfunctional materials and have wide
application.

Nanotechnology enables synthesis of compounds in a highly
non-equilibrium state. In particular, NaYF4 (a high-temperature
cubic modification, which is transformed into an equilibrium low-
temperature modification with time)?’ and BaY,Fg (Ref. 28)
were prepared as unstable crystal polymorphs. In nanotechno-
logy, classical manifestations of the Ostwald step rule can be
observed.

The boundary that determines the transition of a substance
into the nanostate can be drawn in different ways based on
different physical properties. In the present review, this concept
is extended and referred to particles with size up to 100 nm; the
specific surface area of spherical nanoparticles with this diameter
and a density of 6 g cm—3 is higher than 10 m? g— 1.

In addition to ensembles of nanoparticles, there are nano-
structured objects with well-developed porosity and, correspond-
ingly, with high specific surface area in which individual particles
are difficult to distinguish. Amorphous fluoride catalysts belong
to such objects,!” 2! and they are also considered in the present
review.

We focus our attention on procedures for the preparation of
nanosized fluoride materials as powders and composites. The
methods for characterisation of such materials are beyond the
scope of the present review. The properties and fields of applica-
tion and methods for the synthesis of one- and two-dimensional
nanoobjects are briefly outlined.

I1. Hydrolysis of fluorides and its prevention

Fluorides react with water with elimination of HF, which causes
difficulties in the preparation of both bulk fluoride materials and
nanoparticles. This process occurring at high temperature is called
pyrohydrolysis.?? =35 The first step of pyrohydrolysis involves
adsorption of water molecules on the surface of fluoride particles.
In the next steps, the fluoride ion is replaced by OH~ and 0%~
anions according to the reactions

F~ + H,0 —> OH~ + HFY, M
2F~ + H:O0 —> 02~ + 2HFT. 0)

Due to the similar sizes of the fluoride ion and the hydroxyl
anion, the replacement of the former by the latter occurs by a
mechanism of isomorphic substitution, the single-phase state of
the system being retained. Once the critical concentration is
achieved, accumulation of oxygen ions in the lattice of bulk
fluoride samples leads to formation of the second phase (oxide
or oxofluoride). In particular, pyrohydrolysis of rare-earth tri-
fluorides LnFj initially affords oxofluorides with different com-
positions (LnaOF4, LngOsFe, LnOF, efc.). Oxides are the final
transformation products of LnF3

4LnFs + 3H,0 —> LngOsF, + 6 HFY, 6
LnF; + H,0 —»> LnOF + 2HFY, @
2LnOF + H,0 —» LnyOs + 2HFY. 0

It should be noted that the replacement of the fluorine atom by
the oxygen atom is thermodynamically unfavourable. Hence,
fluorides are generally stable in dry air (oxygen) even on heating.

Pyrohydrolysis starts on the surface of a substance and
continues in the bulk (Fig. 1 ). The rate of the process depends
on the diffusion coefficients of anions. In bulk samples, the oxygen
diffusion rates along lattice defects (dislocations and intergrain
boundaries) are substantially higher (Fig. 15). Lattice defects can
be decorated with the second oxide phase. An increase in the
surface area and the passage to nanoparticles would lead to sharp
acceleration of this process. The probable scheme of pyrohydro-
lysis of nanoparticle agglomerates is shown in Fig. 1 ¢. Rapid and
spatially complicated pyrohydrolysis processes apparently occur
in the case of a fractal structure of nanoparticles.

Fluorides differ substantially in the tendency to undergo
pyrohydrolysis. These compounds are characterised by such
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Figure 1. Scheme of pyrohydrolysis of a fluorite single crystal.

(a): (1) A single crystal, (2) an intermediate opalescent zone, (3) a non-
transparent outer zone (oxide phase);3* (b) the same in the presence of
dislocation bundles in the crystal; (¢) the same in the case of hydrolysis of a
nanoparticle agglomerate: (/) fluoride, (2) hydroxofluoride, (3) oxofluor-
ide, (4) a layer of adsorbed water.
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parameters as the temperature at which hydrolysis starts or the
time of completion of hydrolysis at a particular temperature,
which are purely empirical. It was found 32 that the stability of
fluorides with respect to pyrohydrolysis decreases in the following
order: NaF > SrF, > BaF, > LiF > CaF, > MgF, > LnF; >
AlF; > BiF3 > ZnF, > ThF4 > UF4. The time required for
complete hydrolysis at 1000 °C is longer than 20 min for alkali,
alkaline-earth (except for magnesium) and beryllium fluorides;
the time for other fluorides is shorter than 20 min. The hydrolytic
stability of LnF3 decreases on going from light lanthanides to
heavy lanthanides.33-33 The abnormally high pyrohydrolysis rate
is observed for CeF3.33:3% According to the results of a study,?!
fluorides can be arranged in the following series of decreasing
stability to hydrolysis: BaF,, CaF, > MgF, > MnF;, PbF, >
CdF, > CoF, > NiF, > ZnF, > FeF,, CrF; > FeF;, CuF,,
AgF. In another study,?” the following series was proposed (based
on the temperature at which the reaction between a fluoride
powder and a superheated water vapour starts): BaF, > SrF, >
CaF, > MgF, > CdF, > ZnF,. For strontium fluoride, this tem-
perature is 1120 °C; for zinc fluoride, 400 °C.

Hydrolysis of some fluorides starts at room temperature. In
particular, it was found?3® that prolonged (for several years)
storage of an indium fluoride powder in air is accompanied not
only by hydration but also by hydrolysis. Zirconium and hafnium
fluorides behave analogously. Hydrolysis of highly hygroscopic
niobium pentafluoride occurs even more readily and it is recom-
mended to employ hydrogen fluoride liberated upon its exposure
in air at room temperature for preparative purposes.’®

Fluorides are characterised by strong water vapour adsorp-
tion on the surface.*®-4! An increase in the powder dispersity and
passage to nanoparticles would lead to a sharp decrease in the
temperature at which hydrolysis starts and an increase in the
number of fluorides hydrolysable at room temperature.

Ordinary powders prepared from aqueous solutions or con-
taining surface-adsorbed moisture are dehydrated by heating to a
temperature lower than the temperature at which hydrolysis starts
(for example, heating in high vacuum to 200 °C). Technological
operations are also carried out in the atmosphere of anhydrous
inert gas. In some cases, the use of high vacuum is insufficient to
prevent pyrohydrolysis in high-temperature technological proc-
esses. An active fluorinating atmosphere (pyrolysis products of
Teflon, hydrogen fluoride, tetrafluoromethane or their combina-
tions) is used.? The efficiency of gaseous fluorinating reagents
decreases in the following series: CyF4 > NF; > CF4 >
COF, > SFg 2

I11. Synthesis of nanoparticles

1. Synthesis of nanoparticles by physical methods

a. Vapour phase deposition

Initial steps of the formation of thin films (formation of adatoms,
critical nuclei and growth islets), including evaporation (sublima-
tion) of a substance onto a substrate, belong to the field of
nanotechnology. Nanoparticles which are formed in the vapour
bulk by a mechanism of homogeneous nucleation, can be col-
lected. Nanoparticles of PbF, of both cubic and orthorhombic
polymorphs (2143 nm) were synthesised by vapour condensa-
tion in ultrahigh vacuum.*?® Calcium fluoride nanoparticles were
synthesised analogously.**

b. Mechanical grinding

Fluoride nanoparticles can be synthesised using high-energy mills.
Images of LiF particles obtained by scanning electronic and
atomic force microscopy are shown in Figs. 2a,c and 2b,d,
respectively. Nanoparticles of a sample ground in ethanol in an
agate mortar are presented in Fig. 2 a,b. An increase in the time of
grinding leads to such a compact particle agglomeration that
scanning electronic microscopy does not reveal details of the
particle structure (Fig. 2 ¢). However, atomic force microscopy
reveals fitting of particles, each particle having an irregular shape

and, apparently, being an agglomeration product of several
nanoparticles (Fig. 2d). It should be noted that there are no
planar (001) faces, which are very typical of lithium fluoride
micropowders due to perfect cleavage.t

Calcium fluoride nanoparticles with a size of 15—20 nm were
prepared by grinding single crystals in an agate mortar under a
layer of acetone followed by ultrasonic dispersion.*’

Nanoparticles of FeF; and GaF; were prepared %47 by
mechanical milling using zirconium oxide balls in a high-energy
mill under argon for 16—20 h. Studies by powder X-ray diffrac-
tion, Mossbauer spectroscopy and NMR spectroscopy demon-
strated that nanocrystalline grains with a size of ~15 nm held
together by disordered intergrain layers were formed. The mag-
netic properties of FeF3; and GaF; nanopowders are similar to
those of amorphous phases.

c. Laser ablation

The energy can be pumped into a substance also by laser ablation.
For example, a procedure for the synthesis of nanoparticles by
ablation of a sodium fluoride single crystal doped with uranium
onto a molybdenum support was documented.'® The nanoparticle
size was 20— 30 nm.

2. Synthesis of nanoparticles by chemical methods

a. Thermolysis of precursors

Salts of fluoroorganic acids, primarily, of trifluoroacetic acid can
be used for the synthesis of fluorides by thermolysis. Under
particular reaction conditions, highly dispersed samples with
high specific surface area can be prepared. The preliminary syn-
thesis of salts was carried out by the reactions of trifluoroacetic
acid with the corresponding hydroxides or carbonates, for exam-
ple, according to the reactions

CaCO; + 2CF3C0.H —»> Ca(CF;C00),-H,0 + CO,1, (6)
St(OH), + 2 CF3COH —> Sr(CF5C00), -2 H,0. %)

Decomposition of trifluoroacetates can be accompanied by
the formation of a solid carbon phase, for example, according to
the reaction

St(CF3C00): 2 H,0 — > StF + CE4) +C+ 2C0,T +2H,01. (8)

Decomposition can be carried out in an inert atmosphere
under dynamic vacuum, by the flux method and by chemical
vapour phase deposition. Fluoroacetic acid is used as a fluorinat-
ing reagent in the sol—gel process. In this case, the synthesis of
fluoroacetates is followed by their decomposition.

Decomposition of trifluoroacetates in air affords oxyfluoride
phases. For example, study of pyrolysis of yttrium trifluoroacetate
on a quartz glass surface in the temperature range of 400—900 °C
showed #8 that the initially formed YF3 particles are successively
transformed into YOy goF .40 (orthorhombic system), YOF (tri-
gonal system) and Y203, which corresponds to pyrohydrolysis of
bulk samples. Only oxofluorides were obtained 4° by decomposi-
tion of lanthanum trifluoroacetate in a SiO, matrix. Oxofluorides
are also formed if a basic salt, for example, INOH(CF3COO),,% is
obtained in the initial synthesis of trifluoroacetates.

Aluminium and chromium trifluoroacetates were used as
precursors 2! to give aluminium and chromium fluoride powders
with specific surface area up to 50 m? g—!. Thermolysys of euro-
pium trifluoroacetate in a melt of trioctylphosphine oxide
afforded 3! EuF; nanoparticles with a size of 3—10 nm.

Alkaline-earth (barium, strontium and calcium) fluorides with
highly developed specific surface were synthesised 32 by thermo-
lysis of trifluoroacetates of the corresponding metals in an inert

TP P Fedorov, SV Kuznetsov, V A Konyushkin, SV Petrov,
V G Kuryavyi, V N Buznik, S V Lavrishchev, in The XIIth National
Conference on Crystal Growth (NCCG-2006) (Abstracts of Papers)
(Moscow: Institute of Crystallography of the Russian Academy of
Sciences, 2006) p. 417.
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Figure 2. Photomicrographs of LiF particles after grinding of a single crystal in ethanol in an agate mortar.
(a, b) Manual grinding for 2 h (courtesy of S V Lavrishchev, the Research Centre of Fibre Optics at the A M Prokhorov General Physics Institute of the
Russian Academy of Sciences); (¢, d) grinding in a FRITSCH-Pulverizette 00.502 mill for 5 h (courtesy of V G Kuryavyi, the Institute of Chemistry of

the Far-Eastern Branch of the Russian Academy of Sciences).

atmosphere followed by annealing under a stream of oxygen at
500 °C (to burn off carbon impurities). The specific surface areas
of the resulting CaF,, SrF> and BaF, samples were 44, 37 and
24 m? g~ !, respectively. The results of studies of the SrF, surface
by scanning electronic microscopy are presented in Fig. 3.
Fluorides can be synthesised in addition to thermolysis of
trifluoroacetates by transformations of other fluoroorganic com-
pounds. For example, four fluoroorganic compounds were
studied 33 with the aim of preparing thin films of NaF by chemical

Figure 3. Electronic image of strontium fluoride after decomposition of
trifluoroacetate.>?
The specific surface area is 37 m? g~ 1.

vapour phase deposition. The best results were obtained with the
use of sodium hexafluoroisopropoxide (CF3)CHONa. Fluo-
roalkoxides were used in the synthesis of fluorides by chemical
vapour phase deposition.’* Anhydrous lanthanum hexafluoro-
acetylacetonate served as a precursor>® for the preparation of
nanosized-thick films of LaF3 by organometallic chemical vapour
deposition. Heating of bis(trifluoromethanesulfonyl)imide,
(CF3S0,),NH, in a SiO; matrix at 400 °C afforded LaF;.4°

Heating of a fluorine-containing gel prepared by hydrolysis of
alkaline-earth and rare-earth fluoroalkoxides afforded pure fluo-
rides, the particle size depends on the conditions of thermal
treatment.>°

Different in principle precursors are documented.’’” Nano-
particles of rare-earth fluorides (Ln = Nd, Sm, Eu, Gd and Tb)
were synthesised by decomposition of needle-like NH4LnF4
particles, precipitated from methanolic solutions according to
the reaction

NH4L1’1F4 —> L]’lF3 + NH3T + HFT (9)

Decomposition products retained the shape of the precursor
particles.

b. Mechanochemical synthesis

In some cases, mechanical milling of a mixture of fluorides in high-
energy mills is accompanied by chemical reaction producing
nanoparticles.>® In a number of publications, the formation of
submicrometre-sized particles was reported. However, these par-
ticles are presumably agglomerated from smaller particles, and we
include these data in the present review. Experiments >°~ %2 were
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performed with the use of a planetary ball mill with zirconium
oxide balls 15 mm in diameter at a rotation speed of 700 rpm.
Milling was carried out at room temperature.

Oxofluorides LnOF with a particle size of 15—20 nm were
synthesised from a mixture of oxides and fluorides (the reaction
time was 1 -2 h).%

Complex fluorides MLnF4 (LiYF4, KYF4 and NaLnF,,
where Ln = Y, Pr, Nd, Gd, Ho or Er) were synthesised >® by the
mechanochemical solid-phase reaction of MF and LnF5 powders.
The completeness of the reaction was determined from powder
X-ray diffraction data and the amount of unconsumed MF
dissolved in water. The reaction was completed in 4 h. The size
of coherent scattering regions of the resulting particles estimated
from line broadening in X-ray diffraction patterns was 13 nm,
which is consistent with the results of scanning electron micro-
scopy.

Cubic perovskites KM"F3 (M = Mg, Ca, Mn, Fe, Co, Ni
and Zn) were prepared by milling equimolar amounts of KF and
the corresponding difluoride in a planetary mill in air.®! The
synthesis was completed in 6 h. Study by scanning electron
microscopy demonstrated that large agglomerates with a particle
size of ~200 nm were obtained. The absence of the evidence of
hydrolysis was unexpected taking into account high hygroscopic-
ity of KF and the fact that transition metal fluorides are easily
hydrolysed. The lattice parameters of the resulting compounds are
similar to the corresponding characteristics of specimens prepared
by the solid-phase synthesis. Metal —oxygen bonds were not
found by X-ray photoelectron spectroscopy.

The reaction of lanthanum oxide with polytetrafluoroethylene
was studied.®® After milling for 4 h, the product consisted of
oxofluoride LaOF, amorphous La(COs3)F and carbon. Heating in
air to 600 °C afforded pure LaOF with a particle size of ~10 nm.

Nanocrystals of a non-stoichiometric fluorite phase
Ca;_ La,F> \ were prepared by the mechanochemical synthesis
from a mixture of single crystals consisting of CaF, with an
additive of 20 (or 10) mol.% LaF5.%3 The components were
ground in a planetary ball mill under argon. The reaction started
after milling for 30 min. Milling for 2 h did not lead to completion
of the reaction (90% —95% yield). The coherent scattering regions
were 8—30 nm. After heating to 1000 °C, nanoparticles of the
solid solution Cagglag,F2»> decomposed to give two fluorite
phases with composition Cag szlagasF245 and CagosllagocF2,
which does not correspond to the phase diagram.

The mechanochemical synthesis of fluorine-conducting solid
electrolytes (Pby _ ,Sn,F» and NH4Sn,Fs) was documented.%*

Ball milling was used to introduce a small amount of a metal
catalyst (iron or nickel) into magnesium hydride by the reaction
with fluorides.®3 %7 The resulting substance is a promising mate-
rial for hydrogen power engineering. Mixing of preground MgH»
and FeF3 (or NiF,) powders followed by milling affords MgF»
nanoparticles, which prevent hydride particle agglomeration.
Both primary and secondary milling is performed in an inert
atmosphere. Nanofluoride particles can also have a catalytic effect
on hydrogen sorption.

c¢. Precipitation from solutions
Fluorides of many metals are poorly soluble in water. The
synthesis of fluorides by the exchange reactions with precipitation
of the product has long been known. Precipitation of rare-earth
trifluorides was examined in detail.®® Precipitation of phases
formed in KF—LnF; systems from aqueous solutions ®~7! and
in NaF — LnFj; systems is documented.®®~ 73 Relatively recently, it
has been found that nanoparticles can be synthesised according to
this procedure, although the formation of, for example, colloidal
solutions of NH4Y3F o and NH4Y2F7 by the reactions of YCls
and NH4HF, solutions was documented.’*

Compounds NaLLnF4 (Ln = Y or Yb) doped with praseody-
mium ions were synthesised by mixing chloride solutions (pre-

pared by dissolution of rare-earth oxides in boiling hydrochloric
acid) with stoichiometric amounts of a NaF hot solution.?” The
precipitate was repeatedly washed with distilled water and dried at
80 °C. The initially formed high-temperature cubic modification
passed completely into the hexagonal modification (a = 5.969,
c=3.53 A) after ageing of the precipitate for 10 days. The
average grain size of these phases was ~900 nm.

This procedure was subject to modifications.!!-14.28.75 Spher-
ical NaGdF4: Eu? " nanoparticles of a size of 20 nm (data from
transmission electron microscopy) were prepared by precipita-
tion. Storage of the powder at 650 °C under a stream of
Ar+10%SF¢ led to an increase in the particle size to
50—-350 nm. No oxygen impurities were revealed by IR spectro-
scopy and Eu3* ion spectroscopy.'’-7®> KGdF4: Eu?* nanopar-
ticles were synthesised analogously;!* the size of coherent
scattering regions of the particles was 19 nm. A metastable cubic
modification was precipitated. Heating led to a complex change of
structural types, and the KErF4-type hexagonal modification was
obtained for the first time.”® The presence of the hydroxyl ion was
revealed by IR spectroscopy. The non-equilibrium polymorph
BaY,Fg:Eu®™ (as a nanopowder) with a fluorite-type structure
and the lattice parameter a = 5.767 A was synthesised analo-
gously.?® This lattice parameter is substantially smaller than that
of any equilibrium composition of the solid solution Ba;_.,.
.Y.F>., in the BaF,— YFj3 system.”” Upon heating in a stream
of Ar+10% SFs, the sample undergoes a phase transition to the
equilibrium monoclinic structure BaY,Fg.

In an analogous solution precipitation method,”® aqueous
solutions of Eu(NOs3);-6 H>O and NaF served as the starting
compounds. The reaction product that formed upon mixing of
these two solutions was washed with water and ethanol and dried
at 70 °C for 3 hours. Nanorods of the hexagonal phase NaEuF4
with a diameter of 20—30 nm and a length of 60—100 nm were
obtained. An increase in the Eu3* : NaF ratio from 1:4 to 1:10
led to the formation of a phase with a cubic fluorite-type structure
(spheres ~200 nm in diameter) and the lattice parameter of
5.61 A. Based on the phase diagram presented by Thoma
et al.,”® the composition NasEugF3, was assigned to this phase.
In reality, the compound with this formula does not exist.”® Based
on the dependences of the lattice parameter of fluorite phases of
variable composition in NaF—LnF3 systems,® it can be con-
cluded that nanoparticles have the composition Nag 3sEug 62F2.24 .
Chemical analysis is required to solve the problem.

Canadian researchers studied in detail precipitation of nano-
sized fluorides LaFs3, LaF;:Eu and Lag4s5YbgsErgosFs and
modifications of their surfaces.!>13:81-83 A golution of rare-
earth nitrates was mixed with a solution of sodium fluoride to
yield LaF3:5% LnF5 nanoparticles and then fluorides were
precipitated by adding ethanol. The particles were separated by
centrifugation, washed with ethanol and dried in vacuo. The
average particle size was ~20 nm.!3

The KY2+ F7+3x phase with variable composition
(0.5 < x < 1) with a fluorite-type structure and a particle size of
17 nm was synthesised by mixing concentrated KF and
Y(NO3)3-6 H,O solutions followed by stirring for 30 min, cen-
trifugation and washing with deionised water.8* Heating to
550—850 °C leads to ordering of the crystal lattice and the
appearance of lines belonging to a superstructure in X-ray
diffraction patterns.

Very important results on the morphology evolution of LaF3
nanoparticles during its precipitation from La(NOs); and KF
solutions (including the reaction at constant pH) were
obtained.’>-8¢ Successive transformations of amorphous hydr-
oxyfluoride into crystalline LaF; nanoparticles of hexagonal
shape, empty spheres with a diameter of several hundred nano-
metres consisting of agglomerates formed by small particles and
the transformation of spheres into needles and ribbons were
observed.
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Figure 4. Electronic images of fluorides prepared by precipitation from aqueous nitrate solutions.

(a) CagoEro.1F2, after precipitation by titration into hydrofluoric acid; (b) Cag9Er¢.1F2.1 after washing with ethanol; (¢) Cag9Ero 1F2, after drying at
150 °C; (d) Ca;—xYbyF2+ after precipitation by titration with hydrofluoric acid; (e) Sr;_ Nd\F» + , after precipitation by titration with hydrofluoric
acid, washing and prolonged drying at <100 °C; (/') BaF after precipitation by titration with an ammonium fluoride solution.

Selected photomicrographs of fluoride particles, which we
have synthesised ¥ by precipitation from aqueous solutions, are
shown in Fig. 4.

Stabilisation of colloidal solutions of fluoride nanoparticles
presents a special problem. The preparation of colloidal solutions
of NaYF, (the particle size was 5—30 nm) was documented.®’
A procedure was developed '3 for dispersion of colloidal LaF3
nanoparticles in solution with the use of citrate ligands adsorbed
on the surface of nanoparticles.t

Crystallisation of nanoparticles from solutions can be per-
formed under conditions of hydrothermal synthesis. This is used

1S V Kuznetsov, T T Basiev, V V Voronov, SV Lavrishchev,
V V Osiko, E A Tkatchenko, P P Fedorov, I V Yarotskaya, in Proceed-
ings of the Second International Siberian Seminar INTERSIBFLUORINE-
2006 (Tomsk: Institute of Inorganic Chemistry, 2006) p. 135.

§See also F Wang, Y Zhang, X Fan, M Wang J. Mater. Chem. 16 1031
(2006).

for the synthesis of many complex fluorides, for example, of
NaYF4;3% NHyEr3F 0,2 KMF; (M = Mn, Co, Ni, Zn or Mg);*°
K>LnFs, KLnFs4, KLnoF7, KLnsFio;”' %3 LiYFs, KYF4 and
BaBeF,.”* The particle size increases as the temperature of the
synthesis and the reaction time are increased.

In some case, fluorides precipitated from solutions were
subjected to additional mild (at a temperature lower than
180 °C) hydrothermal treatment. Nanocrystalline fluorides of
La, Pr, Nd, Sm and Y were synthesised °>°¢ from the oxides
Ln,O3(Ln =Y, La, Pr, Nd or Sm) dissolved in 10% nitric acid. A
NH4F solution was added to the nitrate solutions to obtain
colloidal precipitates and a 10% KOH (or NaOH) solution was
added to pH 4-5. Colloidal precipitates were stored in an
autoclave at 80-180 °C for 12—24 h. The precipitates were
filtered off, washed and dried in air at 80 °C. The resulting
fullerene-like nanoparticles had a shape of empty spheres, their
diameter increased from 10 to 30— 50 nm as the temperature in the
autoclave was increased from 120 to 180 °C.
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LaF5:Yb3*, Er’* nanoparticles were prepared by the hydro-
thermal synthesis.®”

Nanoparticles can also be formed upon sonication (sono-
chemistry). The addition of an NaF alkaline solution to an acidic
solution of rare-earth nitrates with intense sonication followed by
hydrothermal treatment led to the formation of YF3: Ln3* nano-
particles.”®

The hydrothermal synthesis of nanoparticles of rare-earth
oxofluorides was patented.® 100

Non-aqueous solvents can be used for the synthesis of
fluorides to decrease the degree of hydration and remove hydroxyl
impurities. Needle-like NH4LnF4 particles (Ln = Nd, Sm, Eu, Gd
or Tb) with nanometre cross-section were prepared from meth-
anolic solutions.’” Nanorods with composition PbBroyFai_y
(x = 0.15, 0.3) were prepared from methanolic solutions of lead
acetate, potassium fluoride and cetyltrimethylammonium bro-
mide or potassium bromide.!!

Particles with composition KNiF3; as empty spheres with a
diameter of 200400 nm were synthesised by the solvothermic
reaction in ethanol at 110 °C with the use of KF and NiCl, as the
starting reagents. According to the results of transmission electron
microscopy, these spheres consist of nanoparticles with the size of
10 nm (the wall thickness was 20 —40 nm).!92

Nanoparticles of CeF3; with the size of 5—10 nm were syn-
thesised from a solution of CeCls and HF in ethylene glycol at
180 °C.193 The nanoparticles were washed with ethanol, separated
from the liquid phase by centrifugation and dried.

Synthesis from solution of metal acetates and alkoxides in
non-aqueous solvents (isopropyl alcohol or methanol) by treat-
ment with anhydrous hydrogen fluoride provides the basis for one
of modifications of the sol—gel process (see below).

d. Precipitation from solutions in nanoreactors

The use of the so-called nanoreactors enables one to limit
mechanically the sizes of the resulting particles. Solid porous
templates, such as zeolites, gels or opals, can serve as nano-
reactors.*® Optical transmission of products is essential for their
use in photonics.

Silica gel was also used.*- 194 Borosilicate glasses with the pore
size of 4 nm pressed into pellets and Al,O3 ceramics with the pore
size of up to 0.1 pm served as porous templates.'®> Porous
membranes were placed between aqueous solutions of Pb(NO3),
and NH4F with concentrations of 0.1 mol litre—!. The reaction
produced PbF, nanoparticles in pores, both the equilibrium
orthorhombic modification and the high-temperature cubic mod-
ification being obtained.

The reversed microemulsion method has gained wide accept-
ance in the synthesis of fluoride nanoparticles. This method has
been developed in detail for other classes of compounds. The
history of the problem was covered in the review.? Back in 1943, it
was found 106197 that certain ratios of water, an organic phase and
two surfactants give quasihomogeneous mixtures called quater-
nary microemulsions. Long-chain organic molecules containing a
hydrophilic head and a lipophilic tail (for example, cetyltrimethyl-
ammonium bromide, CTAB) are miscible with both hydrocar-
bons and water (Fig. Sa). Due to ion-dipole interactions,
surfactants form spherical aggregates encapsulating water, the
polar (ionic) ends of surfactant molecules being oriented inward
(Fig. 5b). The orientation of molecules in microemulsions leads to
minimisation of the surface tension thus providing stability,
including thermodynamic stability, as opposed to usual macro-
emulsions. Such emulsions are called reversed emulsions because
water in such emulsions is dispersed in an organic matrix.

It was suggested that quaternary reversed microemulsions
were used for the preparation of colloidal non-charged par-
ticles.'®® The method consists of preparing two solutions of
emulsions with required anions and cations, respectively, followed
by mixing of these solutions to prepare the target compound
(Fig. 5¢—e). Emulsions with different volumes of an aqueous

Water

o — first surfactant
e&— alcohol, amine, etc.
(second surfactant)

Figure 5. The CTAB molecule (¢) and schemes of the structure of a
microemulsion () and the synthesis of nanofluorides MF,, by the reverse a
microemulsion method (c—e).

phase (a nanoreactor) can be prepared by varying the ratio of the
aqueous and organic phases and the amount of a surfactant,
which allows one to obtain nanoparticles of the desired size. The
resulting particles are subjected to either coagulation (for exam-
ple, by adding acetone) or centrifugation until a precipitate is
formed, and the precipitate is washed, for example, with meth-
anol. A classical microemulsion quaternary system has the follow-
ing composition: n-butanol/CTAB, n-octanol/water. This
approach is applicable to compounds poorly soluble in water
(~10~3 mol litre—!) and is used for the synthesis of fluoride
nanoparticles. In some cases, ternary microemulsions, in which
the second surfactant is absent, are used instead of quaternary
microemulsions.

The synthesis of NH4MnF3 nanoparticles with sizes of
10—60 nm with the use of n-heptane/NH4(AOT)/water micro-
emulsions [AOT is bis(2-ethylhexyl)sulfosuccinic acid] and con-
centrated aqueous NH4F and Mn(OAc), solutions was
documented.'® An increase in the reaction time, a decrease in
the salt concentration, an increase in the percentage of the
aqueous phase and increase in temperature lead to enlargement
of crystallites.

Fluoromanganates (KMnF3 and NaMnF3) exhibiting mag-
netic properties were synthesised !0 according to the reaction

MnCl, + KF —> KMnF;| + KCl (10)

with the use of the following microemulsion system: n-octane/
CTAB, n-butanol/water. The particle size depends on the volume
of nanoreactors. Particles of the same compounds with the size of
30 nm were synthesised by Carpenter!'! with the use of an
emulsion system containing dioctyl sulfosuccinate, isooctane and
water.

The synthesis of BaF, nanoparticles containing up to
65 mol.% NdF; was documented.!'? Emulsion systems consisted
of cyclohexane, Igepal CO-520, ethanol and aqueous solutions of
salts of the target cations and hydrofluoric acid. An increase in the
concentration of the precursor leads to an increase in the size of
the resulting crystallites. Powder X-ray diffraction study demon-
strated that nanoparticles are heterogeneous and consisted vir-
tually of pure BaF, and solid solutions Ba;_Nd.F,+, with
different concentrations. It was hypothesised that BaFs is repeat-
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edly precipitated on the surface of nanoparticles enriched in
neodymium. The resulting samples were tested for the presence
of impurities. An IR spectroscopic study demonstrated that up to
3 mass % —5 mass % of precursor ions, as well as hydroxyl
groups, are present in samples prepared starting from nitrate and
acetate salts. If precursors are readily soluble salts, the amount of
impurities in samples is smaller.

The synthesis of BaF, nanoparticles and a solid solution
Ba; _,Ce,F> 4, (x = 0.033) with the use of an octan-2-0l/CTAB/
water microemulsion system was documented.'!? It was found
that the particle size decreases as the fraction of water in the
system and the reaction time decrease. After washing of nano-
particles with ethanol, the final product contained traces of nitrate
ions and hydroxyl groups (IR spectroscopic data).

The synthesis of CeF3 nanoparticles from a polyisobutane—
butanediimide/cyclohexane/water emulsion system was per-
formed."'"* An increase in the percentage of water and the
precursor concentration strongly influences the size and morpho-
logy of the resulting particles. The crystal structure was described
as cubic face-centred, which does not correspond to the structure
of bulk samples of CeF3.

Nanoparticles of CeFs and the solid solution Ce;_ Lu,F;
(x < 0.5) were synthesised by the microemulsion method.!'> The
hexagonal structure typical of CeF3 was found for all samples.
The maximum luminescence intensity at ~ 325 nm is observed for
x =0.3.

An n-octane/CTAB, n-butanol/water microemulsion system
was used in the synthesis of BaF, nanoparticles, including those
activated with 6 mol.% europium and erbium.!'®-118 Jt was
found that only cubic nanoparticles grow until the critical size of
the growing nanoparticle is smaller than the volume of the
elementary reaction zone. As soon as the size becomes larger
than this volume, the growth of dendrites begins. The edge lengths
of cubic particles without dendrites were 100—200 nm. In the
presence of dendrites (data from transmission electron micro-
scopy), the aggregate size was 400—450 nm. Self-organisation of
BaF, nanoparticles, which were synthesised by the reversed
microemulsion method, giving rise apparently to dissipative
structures was described.!!?

The use of microemulsions in the synthesis of particles of solid
solutions of the general formula K(Y,Ln)>+xF743: (0.5 <x < 1)
with a size of 14 nm was documented.34

e. Variations of the sol — gel method

Crystallisation techniques used for the synthesis of bulk crystals in
gels 120-121 make it possible to decrease substantially the rate of
chemical reactions due to an increase in the path length of the ion
counter diffusion resulting in the formation of a new poorly
soluble phase. This situation is ideal for the preparation of
nanoparticles characterised by a low degree of agglomeration
and investigation of the mechanism of their crystallisation. How-
ever, the output of this process is low, and other modifications of
the sol—gel technology were used for the synthesis of fluoride
nanoparticles.

According to one version, a porous homogeneous hydroxyl
sol—gel is prepared and subjected to low-temperature treatment
with a fluorinating agent giving rise to a highly dispersed amor-
phous powder, which becomes more compact on heating. This
approach was developed for the synthesis of fluoride
glasses.??- 122123 A 5ol of nanocrystalline MgF» was synthesised
by the reaction of hydrofluoric acid with the sol prepared from a
methanolic solution of HO, and Mg(OMe),.!?*

In another version, a fluorinating agent (generally, trifluoro-
acetic acid) is directly used as one of the starting compounds along

with metal acetates and alkoxides for the preparation of
gels 22:27.125 127

BaMgF, doped with Eu?* was synthesised from a solution of
a mixture of barium, magnesium and europium acetates in
isopropyl alcohol.’?® Trifluoroacetic acid and water were added
to the solution to give a trifluoroacetate gel; its heating to 500 °C
led to crystallisation of BaF5 from the amorphous state (data from
powder X-ray diffraction). At 550—600 °C, BaMgF,4 particles
appeared.

An attempt was made to synthesise analogously KGd,F7.12°
Gadolinium and potassium acetates were dissolved in a stoichio-
metric ratio in isopropyl alcohol under argon in a Teflon reactor.
Trifluoroacetic acid was added to the solution and the mixture
was stirred for 3 h. Then a quartz substrate was coated with this
solution and heated at 650 °C for 40 min under a stream of dry
argon. The resulting product consisted of submicrometre-sized
particles and contained oxygen as an admixture. Its composition
corresponds to the formula Ko 31Gdo.eoF1.840027. The mono-
clinic lattice parameters are similar to the lattice parameters of
anhydrous KGd,F5.

In the third version of the sol—gel method, a silicate gel
containing fluoride nanoparticles is prepared. Mixing of a silicate
sol and a MgF, sol affords nanoparticles dispersed in an amor-
phous matrix. Heating results in a composite MgF> —Si05.12* An
improved modification of this process was patented.'3* Nano-
crystals of LaF3 (10—30 nm) in a silicate gel were synthesised by
the sol — gel method starting from trifluoroacetic acid, lanthanum
acetate, tetramethyl orthosilicate, methanol and dimethylform-
amide followed by heating of the gel to 300 °C. At 800 °C,
pyrohydrolysis of LaFj; started.!%4 Glass ceramics can be prepared
analogously.!3! For example, nanocrystallites of LaF3 in trans-
parent SiO»-based glass ceramics were synthesised by the sol — gel
method.!32

A special modification of the sol—gel process was devel-
oped !7-18.20,133,134 with the aim of synthesising fluoride catalysts
with highly developed surface. In the first step, solutions of metal
alkoxides in a non-aqueous solvent (for example, aluminium
isopropoxide in isopropyl alcohol) are treated with anhydrous
hydrogen fluoride to yield an amorphous catalytically inactive
solid as a precursor of the fluoride. The F:Al ratio in this
precursor of AlF; was approximately equal to 2:1, the carbon
content was 31%, and the specific surface area was 430 m? g—!
(Ref. 17). In the general form, the reaction equation is as follows:

AI(OR);+ xHF —» AIF,(OR);_, + x ROH (11)

(x = 0-3); for aluminium isopropoxide existing as a tetramer, the
equation is as follows:

Al[(u-OPr),Al(OPri),]; +4xHF — > (12)
— > 4 AIF(OPri);_,+ 4xPriOH.

Treatment of the products with a fluorinating reagent
(CCLLF») at 350 °C affords an amorphous AlF3; powder with a
specific surface area of 206 m? g—! and the carbon content of
0.4 mass%, which is characterised by very high catalytic activity.
Heating leads to crystallisation accompanied by an exothermic
effect at 540—570 °C, which corresponds to the formation of
O(-A1F3 .

Magnesium fluoride with a specific surface area of
190 m? g—! and mixed catalytically active fluorides with highly
developed surface [MgF,:FeF; (Ref. 18) and MgF,:CrF;
(Ref. 20)], in which magnesium fluoride serves as a sorbent
(support), were synthesised analogously. The scheme of the
process is shown in Fig. 6. It was hypothesised that the true
sol—gel process occrus to give a three-dimensional random net-
work analogous to networks of classical gels (in particular, of a
silicate gel). Random binding of fluoroaluminate octahedra
postulated in the fluoride gel corresponds to the network in
fluoroaluminate glasses.
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Figure 6. Scheme of the formation of a random network in different
steps of the sol—gel process with the successive replacement of oxygen
atoms by fluorine in bridging bonds.!3*

f. Miscellaneous methods of synthesis

Nanoparticles of potassium, barium and strontium fluorides and
sodium chloride were prepared® by the flame synthesis. The
corresponding precursor (metal 2-ethylhexanoate) was mixed
with a stoichiometric amount of fluoro- or chlorobenzene, and
the mixture was nebulised in a methane—oxygen flame. The
resulting product was collected on a heated filter to prevent
water condensation. The particle size of CaF; was 20 nm.

UFs nanoparticles were synthesised by laser photolysis of
gaseous UFs in a supersonic nozzle reactor for isotope separa-
tion. 135137

A study '3® on the synthesis of single-crystalline PbF, nano-
particles by selective chemical dissolution of bulk nanocomposite
oxyfluoride glass ceramics is of interest. Impurity-free lead
fluoride nanoparticles with the size of 15 nm doped with Eu3*
ions show intense fluorescence (green and blue) after IR excita-
tion.

Fluoride nanoparticles can be prepared by gas-phase fluori-
nation of dispersed systems.

IV. One-dimensional nanoobjects

Unique physical properties of one-dimensional (or 1D) nano-
objects and the possibility of producing functional materials based
on these nanoobjects have attracted considerable attention.

Whisker crystals characterised by exceptional mechanical
properties are typical 1D objects.!3%- 140 The main mechanism for
their growth is the so-called vapour—liquid —crystal mechanism
according to which growth occurs from the vapour phase through
a melt drop. The diameter of whisker crystals is determined by the
size of the starting drop and is generally of a micrometre size.
A decrease in the drop diameter leads to a decrease in the growth
rate (due to a change in the vapour pressure over the drop).
Nevertheless, it is possible to grow such thin whiskers. Whisker
crystals were prepared from the vapour phase for such fluorides as
LiF, NaF (Refs 121 and 139) (Fig. 7) and CdF,.'4!

Another procedure for the preparation of 1D nanoobjects is
based on crystallisation from solution.!3* Nanorods of the hexa-
gonal phase NaEuF4 20—30 nm in diameter and 60— 100 nm in
length were prepared from aqueous solutions of europium nitrate
and sodium fluoride.”® Whisker crystals of BaF, oriented along
the [111] direction with a length of 50 pm and a size ratio of
1000 : 1 were synthesised by the hydrothermal method with the use
of a microemulsion.!4? The crystal thickness was determined by
the drop size.

Figure 7. Whisker NaF crystals grown from a vapour phase with the use
of BaFCl as a transport reagent.

Precipitation of compounds PbBr.F»_ . (x < 0.3) from meth-
anolic solutions afforded needle-like nanoparticles 30— 50 nm in
diameter and 500-1000 nm in length;®” NH4LnF4 particles
(Ln = Nd, Sm, Eu, Gd or Tb) were synthesised by solvothermic
treatment of the precipitate at 150 °C.'! Thermolysis of the
fluoroammonium complexes NH4LnF4 produced rare-earth tri-
fluorides. The shape memory effect, i.e., the retention of the
particle shape, was observed. The resulting 1D nanoobjects were
characterised by high concentration of structural defects.

One-dimensional nanoobjects correspond to one of steps of
evolution of LaF3; nanoparticles as the F:La ratio increases
during titration in an aqueous solution.%¢

V. Two-dimensional nanoobjects

Films are typical two-dimensional (2D) nanoobjects. Islet films,
which represent nanoparticle ensembles on a substrate, are
natural and one of the simplest elements of the nanocrystalline
architecture.

The formation of fluoride films was studied in detail. In
addition to fundamental problems, there are several practical
applications due to which these objects have attracted interest:
antireflection coatings,'43~14¢ epitaxial dielectric films on semi-
conductors 47 and luminescent coatings.!2%- 148~ 152

The lattice parameters of calcium and cadmium fluorides
(a = 5.463 and 5.388 A, respectively) are similar to the silicon
lattice parameter (a = 5.4305 A). Layers, that are similar in the
characteristic geometric sizes to the Si(111), Ge(111) and
GaAs(111) planes are present in the structures of rare-earth
trifluorides (in particular, [001] in the tysonite structure). This
fact has stimulated interest in the preparation and investigation of
the corresponding epitaxial layers.!47- 153,154

The cubic lattice parameter can be varied in a wide range
(from 5.388 to 6.20 A), and coatings for lead chalcogenides can be
adjusted based on this parameter with the use of the solid solutions
Ca;_,Sr.F> and Sr;_,Ba.F> as well as by the introduction of
rare-earth metals into the fluorite structure (giving rise to the solid
solutions M _ Ln,Fj ,).149-155

However, the difference in the thermal expansion coefficients,
which are 37 times larger for fluorides than for semiconductors,
is a serious problem.

A small difference in the lattice parameters of deposited layers
makes it possible to construct heterostructures.'*® Dielectric
fluoride layers are used for the construction of more complex
structures, for example, of metal —insulator —semiconductor sys-
tems.!37

In addition to molecular beam epitaxy,'48- 149151 spray coat-
ing,'4>- 158 chemical vapour phase deposition,>®>> magnetron
spraying,'® deposition of fluoride films by soft chemistry
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methods has been developed in recent years (Refs 125, 128,
160—163 as well as ).

VI. Fluoride nanocomposites

1. Glass ceramics

In recent years, the properties and procedures for the preparation
of glass ceramics, such as the generation of a micro- or nano-
dispersed crystalline phase in a glass matrix, have been extensively
studied.'®* As a rule, such materials are prepared by crystallisation
of glasses, i.e., by thermal treatment at near-crystallisation tem-
perature. One of the aims is to prepare transparent glass ceramics
for nanophotonics.'®3~167 Such materials have a series of novel
properties and are free from many drawbacks of glasses and
single-crystalline materials. These materials are processable, they
are suitable for the preparation of fibres characterised by a high
capacity for activating ions and the isotropicity and homogeneity
of properties and activator concentrations.

In practice, there is often a need for functional materials in
which the distribution coefficients of activator ions between the
matrix and nanoparticles are substantially different. The transfer
of an activating additive in the crystalline environment leads to
narrowing of luminescence linewidths and an increase in lumines-
cence intensity compared to the intensity of the analogous
luminescence of glasses. In particular, this can be achieved by
preparing fluoride nanoparticles in a silicate or aluminosilicate
matrix.

LaF;,'98-172 PbF, (Refs 173 and 174 as well asT),
Pb; _Cd.F> (Refs 165-167 and 175—177) and CaF» (Ref. 178)
can serve as fluoride particles accumulating rare-earth ions. In
some cases, nanoparticles of solid solutions M;_Ln,F> at
high concentrations were obtained.

Crystallisation  of the glass with  composition
16.5A1,05- 1.6 AlF5-12.7 LaF3-4.3 Na,CO5- 64.9 SiO» afforded
the LaF; phase where rare-earth elements were incorporated in a
different proportions: Er3*, 2% —3% of the total amount of the
introduced erbium fluoride; Pr3*, up to 70%.16°

The preparation of a transparent glass-crystalline material
based on the glass with composition 30SiO»-15Al03)-
29 CdF>-17PbF,-5ZnF,-4YF; was documented.!®%167 The
glass transition temperature and the crystallisation temperature
of the starting glass are 395 and 475 °C, respectively. Thermal
treatment with the aim of preparing glass ceramics was carried out
in the temperature range of 440—470 °C for 30—60 min. The
crystallite size was 6—8 nm.

Glass ceramics with similar composition, 30 SiO,-15AlO, 5
-28 PbF,-22 CdF,- (4.8 —y) GdF5-0.1 NdF3-y YbF3-0.1 TmF;
(y=0,0.1,0.2,0.5, 1.0, 2.0, 3.0, 4.0 and 4.8), were prepared.'”’
The crystallite sizes in this system are virtually independent of the
annealing time (Fig. 8 a). Therefore, thermal treatment did not
lead to growth of fluoride particles, which were already present in
the glass.

In addition to crystallisation of cast glasses, sol —gel methods
are used.!31-132.180  The glass ceramic with composition
0.1 ErF3-0.1 YbF3-5LaF5-94.8 SiO; was prepared by Fujihara’s
method.!3? Tetraethoxysilane (TEOS), which was dissolved in an
equimolar amount of ethanol, was hydrolysed with water in the
presence of acetic acid as the catalyst. The TEOS: H,O : AcOH
ratio was 1:10:0.5. Rare-earth acetates were dissolved in tri-
fluoroacetic acid (M3**:F~ = 1:10). A small amount of water
was added to accelerate dissolution. The trifluoroacetate solution
was slowly stirred with silica sol. The gel formation occurred at
room temperature for two weeks. Drying was performed at
40-70 °C for one week. The dry gel was heated to 1000°C in air

4 B-Ch Hong, K Kawano J. Alloys Compd. 408—412 898 (2006); P Jia,
J Lin, M Yu J. Lumin. 122-123 134 (2007).

TG Dantelle, M Mortier, D Vivien, G Patriarche Opt. Mater. ( Amster-
dam) 28 638 (2006).
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Figure 8. Plots of the crystallite size vs the parameters of thermal treat-
ment.

(a) The particle size of Pb;_,Cd.F, in the 30SiO;-15Al10; 5"
28 PbF,-22 CdF,- (4.8 —y) GdF3 0.1 NdF3-y YbF3-0.1 TmF; glass vs
the annealing time;'7® (b) the particle size of LaFs in the 53SiO,-
11 Na,O-27 Al,03- AlbFs- 7 LasFe-0.07 EroFe glass vs the temperature
of thermal treatment for 12 h.173

at a rate of 75 K h—!, after which the sample became more
compact and transparent glass ceramics involving fluoride nano-
particles was obtained. Lanthanum fluoride nanoparticles doped
with erbium were dispersed as a colloidal solution in a silica sol
that is formed upon hydrolysis of tetraecthoxysilane. The disperse
system was coated onto a substrate to prepare thin films.!30

According to the commonly accepted Gleiter concept, glasses
(as opposed to composite materials) are considered as uniform
homogeneous media.'®! However, this concept is doubtful as
referred to nanomaterials. Not only short-range but also
medium-range order regions tens of angstroms in size were
found in glasses by different methods. A crystallite model of
glasses, which was proposed by Lebedev more than 80 years
ago 82 and was considered as an antithesis to the Zachariasen—
Warren theory of continuous random networks,!83~185 has been
confirmed and defined more specifically in recent years (due to the
use of modern methods of investigation),!8¢~ 188 including the
model of strained mixed clusters '3 (Fig. 9). Therefore, contrary
to the opinion of Gleiter,'! in some cases glasses can be
considered as true nanocomposites where nanometre-size crystal-
line regions (they can have different compositions and structures)
are surrounded by an amorphous strained defect shell. This is also
true for fluoride glasses, which are promising materials for optical
information transmission. A vast diversity of fluoride glasses
includes the following main classes: fluorozirconate, fluoro-
hafnate, fluoroaluminate, fluoroindate and fluoroberyllate
glasses. 190194

In the light of the above, the crystallisation process can be
considered as either an increase in the size of crystallites, which are
already present in the glass, or as the appearance and growth of
crystallites the structures of which differ from those present in the
glass. Therefore, in some cases, structural difference between
glasses and glass ceramics is rather quantitative than qualitative
in essence.

The crystallisation processes of fluoride glasses, including
those giving rise to transparent glass ceramics, were consid-
ered.!?> 200 It was shown 20! that the optical transmission retained
upon crystallisation of 90% of a fluorozirconate glass.

The plots of the crystallite size vs. the parameters of thermal
treatment of oxofluoride glasses shown in Fig. 8 illustrate two
different situations: (1) thermal treatment does not lead to growth
of fluoride particles that are already present in the glass; (2) a rise
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Figure 9.
(a) The Zachariasen model,'3 (b) the Warren model,'84 185 (¢) the Greaves
model,'¥7 (d) the Goodman model (the model of strained mixed clus-
ters).'89

(1) Network-forming atoms, (2) bridging atoms, (3) network-modifying
ions.

Models of glass structures.

of the temperature leads to an increase in the particle size. In the
latter case, glass ceramics with a particle size smaller than 60 nm
(calculated from the line broadening in X-ray diffraction patterns)
retain optical transmission.

The question of whether it is correct to consider glasses as
nancomposites requires additional studies, including the use of
atomic force 292 and transmission electron microscopy.

2. Single crystals of heterovalent solid solutions

Association of point defects in crystals gives rise to various
complex defects the size of which together with the relaxation
region of the matrix is equal to several unit cells, i.e., corresponds
to nanoobjects. On the whole, crystals containing defects at rather
high concentration can be considered as nanocomposites
(Fig. 10).

For fluoride systems, the solid solutions M; _ ,Ln,F> + . witha
fluorite structure formed in MF,—LnF; systems (M = Ca, Sr, Ba,
Cd or Pb; Ln = La—Lu, Y or Sc) are typical examples of such
nanocomposites.?** Phase equilibria in these systems were studied
in detail.®8 155 The width of the solid solution regions reaches
50 mol.% (x < 0.5). At lower temperatures, solid solutions are
thermodynamically unstable and either decompose or undergo
ordering. However, these processes are hindered and single
crystals grown from a melt retain optical transmission for decades.

The formation of such solid solutions is a typical example of
heterovalent isomorphism with a variable number of atoms per
unit cell.2%> Cations have different charges. Hence, the insertion of
additional fluoride ions into the lattice of dilute solid solutions is
necessary for electrostatic compensation (Goldschmidt’s scheme)

Figure 10. Nanocomposite as an artificially facetted single crystal of the
solid solution Srg g9Lag 31F3.31 corresponding to the maximum in melting
curves of the solid solution with a fluorite structure in the SrF,—LaF;
system.203

Most refractory inorganic fluoride (7, = 1570 °C).

M2+ — > Ln®* + Fy,. (13)

Thus, there are two types of point defects in the fluorite lattice.
Electrostatic interactions between these defects lead to their
association to form dipoles (Ln3* —Fj,(), which can have differ-
ent crystallographic orientations. An increase in the concentration
of rare-earth fluorides leads to further association of dipoles to
form (Ln®* —Fj,)> dimers and more complex associates (clus-
ters).20%:207 More than two dozens of cluster models were pro-
posed based on data from various experiments and
calculations.204, 208,209

In solid solutions, the presence of LngF37 clusters (Fig. 11)
was reliably established.?!%-2!1 In these clusters, the coordination
polyhedra of rare-earth metals are tetragonal antiprisms. An
additional anion occupies the cuboctahedral cavity in the centre
of the cluster. The existence of such clusters was revealed, in
particular, by X-ray diffraction study of ordered fluorite-like
phases in these systems. Such clusters are naturally incorporated
into the fluorite lattice (see Fig. 11). Since the geometric sizes of
associates differ from the size of the matrix lattice regions, which
are replaced by these associates, the corresponding composites
have local internal strains and deformations. The charge of the
cluster differs from the charge of the fragment of the fluorite
lattice. Hence, the formation of clusters is accompanied by
elimination of an equal amount of additional anions into the
matrix according to the equation

(MgF32)2°— —> (LngF37)!°~ + Fp, . (14)

Figure 11. Fragment of the fluorite lattice (a), the LngF37 cluster (b) and
the LngF37 cluster incorporated into the fluorite lattice (c).
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Both an increase in the concentration of charge carriers and
the presence of a deformed zone in the cluster shell lead to a sharp
increase in the ionic conductivity.?!?213

The formation of the solid solutions M;_ Ln.F>+, cor-
responds to the so-called block isomorphism. In this case, the
long-range order in the packing of cations is retained, although
the anion sublattice undergoes very strong local deformations.

The concentration of clusters increases with an increase in
concentration of solid solutions. In the range of 6 mol.% —
8 mol.%, percolation occurs, i.e., clusters get in contact with
each other to form superclusters in which rare-earth elements are
accumulated. The sizes of such superclusters can be as large as
several micrometres.

The scheme of successive defect association in the fluorite
structure is shown in Fig. 12. The concentration boundaries of the
regions vary with temperature and depend on the chemical
composition of the systems. The concentration range correspond-
ing to individual clusters containing several rare-earth ions mainly
belongs to the region of nanomaterials.

Percolation
threshold Two-phase
region
. — — — —
— — —
g::)t}:ctts — Dipoles = = Super- =
s+ o == Lot —F = Clusters == ,q0rg =—
Ln3™*, F‘im - ‘ int =~ | == cus‘ ers ——
—4 -3 -2 —1 log x
0.01 0.1 1.0 10.0 mol.% LnF;

Figure 12. Regions of defect association in the solid solutions

M, _,Ln,F,. , with a fluorite structure.

The structures of clusters in the solid solutions M _ \Ln.F2 + .
radically differ from the structures of rare-earth fluorides. There-
fore, clusters cannot serve as nuclei of the LnF3 phase. It is this fact
that is responsible for stability of solid solutions against decom-
position and the possibility of their use as photonic materials.

An analogous defect structure (poorly studied) is also typical
of heterovalent solid solutions having a fluorite structure in the
MF,—-XF4 (X = Zr, Hf, U or Th), NaF—LnF; and, to a lesser
degree, KF—LnF3 systems, as well as of phases with variable
composition with a tysonite structure formed in the MF>—LnF;
systems. There is also high similarity with fianites, which are solid
solutions with a fluorite structure in the Ln,Os;—(Zr,Hf)O»
systems.??¢ Coherent submicrometre-size zones of the second
phase are well known in metal alloys.

The term ‘antiglass’ was introduced 2!# for the description of
crystalline disordered phases characterised by essential local
disorder in the presence of a long-range order (in usual glasses,
the long-range order is absent, but they have a short- and medium-
range order). The heterovalent solid solutions under considera-
tion are typical antiglasses. The similarity of the physical proper-
ties of glasses and antiglasses is an example of the principle of
equivalence of disorder sources proposed by Tretyakov.?!®

Taking into account the difference in principle between glasses
(chaos with islets of order) and antiglasses (order with islets of
chaos), antiglasses cannot be considered as an intermediate
between crystals and glasses. It is more probable that antiglasses
are antipodes of glasses. This main difference leads to a series of
additional essential differences. Since solid solutions (antiglasses)
are highly defect, they are characterised by a low entropy of
melting and, correspondingly, have a low activation barrier to
nucleation, and their melts solidify virtually without supercooling.
To the contrary, glass-forming melts are characterised by strong
supercooling. The appearance of antiglasses as strongly disor-
dered crystalline phases with variable composition, the presence
of clusters (defects) and the absence of supercooling are factors
limiting the glass formation.

Glasses [for example, ZrF4—BaF,—LaF;—AlF;—NaF
(ZBLAN)] and antiglasses [for example, the solid solutions
Ba;_,Ln,F>+ . (Ln are rare-earth metals, x < 0.5) with a fluorite
structure] have the following similar features:

— nanoheterogeneity, the cluster (crystallite) character of the
structure;

— a high degree of disorder, high entropy;

— broad multicentre luminescence spectra, broadening,
which does not disappear at lower temperatures;

— abnormal low-temperature thermal conductivity, the
absence of maxima in the temperature dependence of thermal
conductivity;

— fragility, the absence of cleavage;

— high ionic conductivity, the absence of a conductivity jump
on melting;

— thermodynamic instability under standard conditions; an
increase in the cooling rate expands the region of existence;

— variable chemical composition and high isomorphic
capacity;

— dependence of physical properties (density, refraction
index and conductivity) on the conditions of thermal treatment;

— characteristic features of vibrational spectra;

— percolation phenomena;

— polyfunctionality of materials based on these substances;
and the following differences:205

glasses are characterised by the presence of only a short- and
medium-range order, a network structure, fusible composites,
high entropy of melting, strong supercooling of melts, which
depends on the cooling rate; antiglasses are characterised by a
long-range order, a framework structure, refractory, maxima in
the melting curves, slight supercooling of melts.?!6

3. Eutectic and eutectoid nanocomposites
Let us consider the possibility of preparing nanocrystalline
composites by eutectic crystallisation. Steady-state crystallisation
can afford rather ordered plate- or rod-like structures (the
transition of one type into another is determined by the volume
fraction of the crystallising phases).?!” An electronic image of the
LiF — LiCdF4 eutectic system with a fibre diameter of ~1 um is
shown in Fig. 13.218

For steady-state eutectic crystallisation, the following formula
is true

/2R = const,

where 1 is the characteristic linear size (for example, the rod
diameter) and R is the crystallisation rate. Therefore, to decrease

OO oty

\.\
\.Q

—.- ‘_‘—

A
0' L\ 0 .
L J .. AT
Figure 13. Electronic image of the eutectic composite LiF — LiGdF,.

Directed crystallisation at a rate of 10 mm h—!, the temperature gradient
was 70 K min—!.
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Figure 14. Image of the product of eutectoid decomposition of a solid
solution in the BaF,—CaF, system.2!°

Cooling at a rate of 100 K min—!; straight dark lines correspond to
scratches on the surface.

the rod diameter by a factor of 10, it is necessary to increase the
rate by a factor of 100, which is difficult to perform technically for
a steady-state process.

Eutectoid composites hold more promise. The microstructure
of an alloy after eutectoid decomposition in a system consisting of
calcium and barium fluorides is shown in Fig. 14. In this system,
three phases having fluorite structures (solid solutions based on
the components and an intermediate high-temperature phase)
exist in equilibrium at 870 °C.2!° The sample is characterised by
high ionic conductivity comparable with the conductivity of a
specially formed composite prepared by successive deposition of
nanolayers of calcium and barium fluorides.??°

4. Oxide nanoparticles in fluoride matrices
Fluoride matrices are used for the insertion of nanoparticles with
another chemical composition. For example, ZnO and ZnGa,Oy4
nanoparticles dispersed in MgF» or LaFj3 films were prepared by
the sol—gel method.??!-222

It is known that dispersion in an ionic matrix, including a
fluoride matrix, of nanoparticles of dielectric materials, such as
SiO; and Al,Os3, causes an increase in ionic conductivity. This
approach is known under the name ‘heterogeneous doping’. The
maximum conductivity is observed for a certain volume fraction
of dispersed submicrometre-size particles. The theoretical aspects
of heterogeneous doping were considered in the publica-
tions.?23=225 A substantial increase in the fluoride-ionic conduc-
tivity was observed in such heterogeneous systems as
Can . A1203 . Ban . A1203,226 Cao_995Nao_005F1_995 . CGOZ_x and
Ca0.992Y0.008F2.008 : CeOa_ 227

5. Other fluoride nanomaterials

In addition to inorganic fluorides, other compounds also belong
to nanocrystalline materials. Evidently, crystalline fluoroorganic
polymers,??® like usual polymers, are nanoparticles (with an
ordered arrangement of molecules), which are present in a matrix
with a lesser degree of order, in a wide temperature range. These
materials are analogues of glass ceramics.

Ultradispersed polytetrafluoroethylene (UDPTFE) powders
were synthesised.??® The technology of the preparation of this
material is based on nucleation and condensation of gaseous
products of thermal decomposition of industrial polytetrafluoro-
ethylene (Fluoroplast-4). The sizes of particles formed in the gas
medium are in the range of 25-50 nm.??%-230 Particles of an
UDPTFE powder, the sizes of which vary from 100 to 1200 nm
(the average size is 550 nm), consist of nanoblocks. A photo-
micrograph of an individual particle is shown in Fig. 15. The
particles consist of blocks up to 100 nm in size. The blocks are held
together by low-molecular-weight polytetrafluoroethylene

600

400

200

600

400

200

200 400 600 nm

Figure 15. Images of a nanoparticle of ultradispersed polytetrafluoro-
ethylene taken with the use of an atomic force microscope (courtesy of
V M Buznik).

(a, b) Different measurement modes.

(PTFE), the structure and properties of which differ from those
of the usual high-molecular-weight compound. Some particles are
coated by this material. Low-molecular-weight PTFE is charac-
terised by solubility in some solvents and supercritical carbon
dioxide, which made it possible to prepare 2—4 nm thick poly-
meric coatings.?30

A family of new nanomaterials, including magnetic materials,
was synthesised by deposition of metal nanoparticles (Fe, Co, Ni,
Cu or Pd) on the surface of ultradispersed PTFE granules.
Deposition is accompanied by a chemical reaction. In some
cases, nanoparticles have a complex composition. Defluorination
of PTFE giving rise to a fluoride interlayer and a carbide layer was
observed.?3%-232 The structural model of an iron nanoparticle on
the surface of an UDPTFE nanogranule is shown in Fig. 16.

Fezog

F€3C, F65C2

ST
G
il

a-Fe

Fer

Surface of the UDPTFE granule

Figure 16. Structural model of an iron nanoparticle on the surface of an
ultradispersed polytetrafluoroethylene nanogranule.?3?
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VII. Nanotechnology and nanoarchitecture

As a rule, the synthesis of nanoparticles is merely the first step of
the construction of materials. Fluoride nanoparticles are used in
intermediate steps and for the construction of more complex
structures of functional importance, i.e., in the design of nano-
objects.

It was demonstrated '8 that decomposition of a CoF, filmin a
transmission electron microscope afforded cobalt nanoparticles
with a size of 5—10 nm.

The introduction of YF3 nanoparticles into a shell of poly-
electrolyte multilayer capsules was found to improve their
mechanical characteristics.?33 The scheme of this multistep pro-
cess is shown in Fig. 17.

Figure 17. Scheme of the modification of polyelectrolyte capsules with
yttrium fluoride nanoparticles.?33
PAH is poly(allylamine hydrochloride).

One of operations in nanotechnology is coating of nano-
particles. Taking into account the luminescence properties of
lanthanide compounds, interactions between active metal ions
and OH~ ions, which are efficient luminescence quenchers,
present a serious problem. The surface of nanoparticles of
fluorides Gdo 9Erp 1 F3, which are present in a porous SiO, matrix,
was coated with Gd»O;.#° The suspension was placed in an
aqueous solution containing Gd3* and urotropine. Heating at
80 °C for 2 h led to deposition of a GA(OH); layer. Upon further
heating to 500 °C, the hydroxide coating is transformed into the
oxide coating. Decomposition of europium trifluoroacetate in a
trioctylphosphine oxide (TOPO) melt afforded EuF3; nanopar-
ticles coated with TOPO, which prevents pyrohydrolysis and leads
to the efficient energy transfer of europium radiation outwards.>!

A more complicated nanotechnological process was
employed '3 for the preparation of luminescent silica films con-
taining LaF; nanoparticles doped with Er**, Nd** and Ho*"
(5% each) by the sol—gel method. The authors solved two
problems: insulation of luminescent ions against OH groups (for
this purpose, nanoparticles were coated with undoped LaF3) and
dispersion of colloidal nanoparticles in solution with the aim of
their homogeneous inclusion into the sol—gel matrix (for this
purpose, citrate ions adsorbed on the surface of nanoparticles
were used). The following operations were performed succes-
sively: precipitation of nanoparticle nuclei, their coating, stabil-
isation in a colloidal solution, introduction of particles into a gel
and film formation.

Studies on the synthesis of hybrid organic/inorganic systems
based on fluoride nanoparticles were started (see, for example,
Refs 25, 82, 234 and 235).

Coating of multilayer carbon nanotubes by EuF; and TbF3
nanoparticles using intermediate hydrophobic interactions
between the surface of carbon nanotubes and sodium dodecyl
sulfate was documented.?*® The nanoparticle size was at most
10 nm.

VIII. Conclusion

In recent years, extensive studies in the field of nanotechnology of
fluorides have been performed. However, it is obvious that these
investigations are in their infancy and will be further developed, in
particular, with the use of methods for the synthesis of nano-

particles (the aerosol method, thermolysis of fluoroammonium
salts, etc.).

Further investigations of the influence of the dispersity on
hydrolysis of fluorides and particularly studies of the first step,
viz., adsorption of water and other substances on the surface of
fluoride particles, as well as the development of procedures for the
preparation of protective coatings on the surface of fluoride
nanoparticles, are required. Taking into account the similar sizes
of the F~ and OH ™ ions, it can be assumed that in many cases,
where fluoride nanoparticles are synthesised from an aqueous
solution or in air, these particles would contain a particular
fraction of OH groups, which increases as the surface is
approached (i.e., nanoparticles are hydroxofluorides). According
to the results of chemical analysis, the oxygen content increases
with increasing amount of rare-earth metals in single crystals
prepared by the hydrothermal method. The lattice parameters and
the phase transition temperatures are in satisfactory agreement
with the corresponding parameters of samples synthesised under
anhydrous conditions. The available data (see, for example,
Refs 11, 14 and 75) demonstrate that the degree of hydrolysis in
the synthesis of nanoparticles increases when potassium is used
instead of sodium, which is obvious taking into account substan-
tially higher hygroscopicity of KF compared to NaF. In the case
of precipitation of sodium — rare-earth element compounds, OH ~
ions are virtually absent. For potassium compounds, substantial
hydrolysis is observed. It should be noted that according to earlier
data (see Refs 69, 70 anf 72), the degree of hydration in the case of
precipitation with sodium fluoride and potassium fluoride from
aqueous solutions of rare-earth salts of cubic double fluorides
MO'S,XLHO‘5+_XF2+QX‘}’ZH20 ()C = 005—017) is smaller for
M = Na (n =0.2-0.5) than for M = K (n = 1-3).

It seems paradoxical that no hydrolysis was observed after
completion of the mechanochemical synthesis, where hygroscopic
potassium fluoride was mixed with easily hydrolysable transition
metal fluorides in air.%!

In many photographs, fluoride nanoobjects look like clouds
and pieces of cotton without pronounced boundaries. This is a
characteristic feature of a fractal structure.?3”-23% The self-
similarity of the particle shape at several structural levels was
noted.8¢ This problem calls for further investigation. It should be
noted that the term ‘surface area’ for fractals is ambiguous (can be
determined in different ways) and depends on the measurement
procedure. In particular, different values of the specific surface
area, which is the practically important parameter (for example,
for catalysts), can be obtained by the adsorption method with the
use of different adsorbed gases.

The random arrangement of fluoroaluminate octahedra
postulated in a fluoride gel (see Fig. 6) corresponds to a network
in fluoroaluminate glasses. Therefore, one would expect that
analogous gels would be prepared for other groups of fluoride
glasses, such as fluoroberyllate, fluorohafnate, fluorozirconate
and fluoroindate glasses. Amorphous fluoride powders prepared
by the sol—gel technology hold considerable promise for the
synthesis of different types of fluoride glasses.

Nanofluorides are promising materials for the synthesis of
single crystals, particularly, if the components of compounds are
substantially different in volatility. An example is SrAlFs single
crystals of which are promising nonlinear optical materials for
laser frequency conversion to the UV range.??

High mobility of fluoride ions, which is probable in fluoride
nanoparticles, may be of practical importance.®* It should be
noted that 'F NMR spectroscopy is the method of choice for
studying this phenomenon.**

It is also necessary to examine the dependence of the toxic
effect of fluorides on the particle size.
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