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Nanocrystalline fluorides have been intensively studied1–4 because 
of their applications as scintillators, acidic catalysts, cathode 
materials for alkaline batteries, thin antireflective coatings, drug 
components, precursors for laser and scintillation optical ceramics, 
etc. Strontium nanofluorides doped with rare earth ions can be 
used as promising luminophores.5,6 They have been prepared by 
the thermolysis of metal trifluoroacetates, the microwaving of 
metal nitrates in 1-butyl-3‑methylimidazolium tetrafluoroborate 
and hydrothermal techniques or obtained as nanocrystalline 
components of glass ceramics.4,7–9 However, modern literature 
lacks information on the preparation of strontium rare-earth nano
fluorides by co-precipitation from aqueous solutions. Recently, 
we found4,6,7,10 that the latter approach is a very productive 
method for the preparation of equilibrium and non-equilibrium 
nanophases of variable composition formed under ambient 
conditions via a non-classical crystal growth mechanism (i.e., by 
the oriented attachment of nanoparticles). Therefore, the goal of 
this study was to characterize nanopowders formed in the SrF2–
YF3 model system during the precipitation of nanophases in 
aqueous solutions with hydrofluoric acid (HF).† The yttrium 
system was used as a model because it has similar physical and 
chemical properties to those of rare earth elements from Gd to Lu.

Chemical analysis and X-ray diffraction data for SrF2–YF3 
samples, including pure SrF2, are presented in Table 1 and Figure 1, 
respectively. They confirm a good agreement between the experi
mental and initial yttrium concentrations in the specimens.

Samples with up to 60 mol% YF3 displayed a single fluorite-
type cubic phase (phase F). They also contained 2.5–4 wt% 
adsorbed water, which was removed after heating to 300 °C. 
This thermal treatment did not affect the unit cell parameters. Phase 
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The Sr1 – xYxF2 + x (x £ 0.6) nanocrystalline solid solutions precipitated at an ambient temperature from the aqueous solutions of metal 
nitrates crystallized in a cubic system with a = 5.800 – 0.230x [Å]; their composition range of homogeneity is wider than that for 
samples prepared at a higher temperature (from 850 °C to melt).

†	 High-purity Sr(NO3)2 and Y(NO3)3·6H2O (99.99%), HF (99.9%) and 
twice distilled water were used as starting materials. The precipitation 
experiments were carried out in polypropylene vessels at room tem
perature. The starting 0.17–0.20 m metal nitrate solutions were mixed in 
order to achieve Y/(Y + Sr) molar ratios from 10 to 90% and treated 
dropwise with aqueous HF (6 vol%) with vigorous stirring. The formed 
precipitates were decanted, thoroughly washed with twice distilled water 
and dried under air at 40 °C. In some experiments, pH of the mother solu
tion was adjusted to 5–6.
	 The phase composition of the synthesized samples was controlled by 
X-ray diffraction analysis (DRON-4M diffractometer; CuKa radiation). 
The sizes of the domains of coherent scattering (DCS) and microdeforma
tions were determined by a fundamental parameters technique11 with the 
use of full profile analysis by the TOPAS software.12

	 Scanning electron microscopy (SEM) studies were carried out using a 
Carl Zeiss NVision 40 microscope, and atomic force microscopy (AFM) 
was performed with a Ntegra Prima scanning AFM probe.
	 The yttrium content in the prepared samples was determined by wet 
chemical analysis. A fluoride sample (~1 g) was placed in a glass-carbon 
dish and treated three times with sulfuric acid with complete evaporation 
after each treatment. Then, the residue was dissolved in 250 ml of water 
to completely transfer yttrium to the aqueous solution, whereas strontium 
remained in the undissolved precipitate. The resulting solution was titrated 
with a 0.1 m ethylenediaminetetraacetic acid (EDTA) solution at pH 5–6 
and 50 °C. The equivalency point was determined by a change in the color 
of a xylenol orange indicator from red to yellow.
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X-ray diffraction patterns of SrFFigure  1  2–YF3 samples precipitated from 
aqueous solutions, containing (1) 0, (2) 10, (3) 20, (4) 30, (5) 40, (6) 60, 
(7) 70, (8) 90 and (9) 100 mol% YF3.
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F lattice parameter a varies from 5.799(8) Å for intrinsic SrF2 
(5.800 Å according to PCPDFWIN No. 060262) to 5.676(1) Å 
for Sr1 – xYx F2 + x with x = 0.60, and it can be described with the 
following linear correlation: a = 5.800 – 0.230x [Å], where x is 
the molar yttrium content in Sr1 – xYx F2 + x. This is consistent with 
data13 for Sr1 – xYx F2 + x (x £ 0.41) (Figure 2). The latter fact  is 
very important for practical purposes since it allows one to use 
known quantitative correlations for numerous SrF2-based solid 
solutions of rare-earth fluorides14 for the evaluation of the com
positions of nanoparticles precipitated from aqueous solutions.

The scanning electron (SEM) and atomic force (AFM) micro
scopy images confirmed the hierarchic mechanisms of nano
particle agglomeration. Thus, the SEM images of Sr1 – xYx F2 + x 
specimens with x = 0.20 and 0.40 indicated the presence of 
~20  nm nanoparticles [Figure 3(a),(b)]. This is in agreement 
with calculated D values (Table 1). The AFM data for the sample 
with x = 0.40 (Figure 4) show the formation of ~100 nm agglo
merates.

Increasing the yttrium content of the specimens up to 70–90 mol% 
resulted in the formation of a second phase in the precipitates; in 
addition to the phase F with average a = 5.658(2) Å, one can 
observe another cubic phase, (H3O)Y3F10∙H2O,10(c) with the 
crystal lattice parameter a = 15.480(1) Å [Fd3m space group; 
(H3O)Yb3F10∙H2O structure type15]. This phase contained hydroxo
nium ions; therefore, it can be represented as (H3O+)Y3F10

– ∙H2O. 
The two-phase composition of 90 mol% Y samples has also 
been confirmed by electron-microscopic data [Figure 3(c)]: the 
SEM images exhibit small 20 nm nanoparticles along with faceted 
octahedral ~200 nm (H3O)Y3F10∙H2O nanocrystals, which are 
very similar to those observed earlier in the BaF2–YF3 system.10(c)

A comparison of the above results with known SrF2–YF3 
phase diagram16 (see Figure S1, Online Supplementary Materials)
demonstrates that the composition area of the homogeneous 
fluorite-like cubic solid solution Sr1 – xYx F2 + x (phase F) is wider 
for the precipitated samples (x = 0–0.60) than for the specimens 
prepared by high-temperature synthesis (x = 0–0.41). Additionally, 

we did not observe the formation of a series of ordered fluorite-
like phases at 33–44 mol% Y, which are thermodynamically stable 
at lower temperatures, as well as the formation of the high-tem
perature variable composition tysonite-type phase T.16,17 One 
can assume that the boundary of the area of the phase F homo
geneity is close to the spinodal border of the SrF2–YF3 system.4,18

The expansion of the area of homogeneity of the fluorite-
type phase products prepared at an ambient temperature is very 
important for the synthesis of the new generation of solid elec
trolytes. The Sr1 – x Rx F2 + x (R is a rare earth element) solid solu
tions possess high fluoride ionic conductivity which grows with 
the rare earth element (R) concentration.19 Moreover, the nano
particle character of such materials can seriously enhance the 
latter effect.1,4

Note that our experiments confirmed that the Sr :Y ratio in 
the starting solutions did not change during the precipitation of 
Sr1 – xYx F2 + x nanopowders. This fact points to the congruent 
character of solid solution crystallization from aqueous solutions. 
This was also observed in CaF2–RF3 and BaF2–RF3 systems 

Composition, crystal lattice parameters, values of the calculated Table  1 
sizes of the domains of coherent scattering D, and values of microdeformation 
e of the samples in SrF2–YF3 system.

Designated 
YF3 content 
(mol%)

Experimental  
YF3 content (wet 
chemical analysis 
data) (mol%)

Cubic crystal 
lattice parameter 
a /Å

D/nm e

0 — 5.799±0.008 37±3 0.05±0.01
20 19±0.6 5.750±0.001 11±1 0.13±0.02
30 29±1.0 5.740±0.007 15±1 0.18±0.03
40 38±1.3 5.710±0.001 13±1 0.09±0.01
60 57±1.9 5.676±0.001 30±6 0.28±0.03
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Parameters of the cubic crystal lattices of fluorite-type phases Figure  2 
in  the SrF2–YF3 system vs. the composition of samples prepared by high 
temperature synthesis13 and precipitation from aqueous solutions.
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SEM images of (Figure  3  a) 0.8 SrF2–0.2 YF3, (b) 0.6 SrF2–0.4 YF3 and 
(c) 0.1 SrF2–0.9 YF3 samples.
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AFM image of the 0.6 SrFFigure  4  2–0.4 YF3 sample.
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convenient for the synthesis of optical material precursors.6,7,10 
Unfortunately, fluorite-type phases in NaF–RF3 systems crys
tallize only incongruently from aqueous solutions.10(b),(d)

In conclusion, our experiments demonstrated that the treat
ment of Sr(NO3)2 and Y(NO3)3 with aqueous HF resulted in the 
precipitation of Sr1 – xYx F2 + x nanopowder solid solutions. For 
x £ 0.6, Sr1 – xYx F2 + x specimens contained only one cubic phase 
with a = 5.800 – 0.230x [Å]. If x > 0.6, the precipitates con
tained  an additional cubic phase of (H3O)Y3F10∙H2O.15 In 
the  precipitates, the Sr :Y molar ratio coincided with that for 
starting metal nitrate solutions. This fact confirmed the congruent 
character of Sr1 – xYx F2 + x crystallization from aqueous media. The 
scanning electron and atomic force microscopy images of the 
synthesized nanoparticles justified the hierarchic mechanisms of 
their agglomeration.
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