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A B S T R A C T

Nanostructured superionic conductor LaF3 doped by SrF2 is obtained in the first time using the synthesis
at the solution–gas interface. The product composition La1-xSrxF3-x (0 < x � 0.16) was analyzed using SEM,
FT-IR, XRD and EPM. It consists of nanosheets aggregated in microtubes. The SrF2 content is varied from
2 mol% to 16 mol%. XRD analysis indicates tysonite crystal structure, which is still preserved up to 1000 K.
NMR diffusometry has shown a significant enhancement of the diffusion coefficient, which is at least one
order of magnitude higher than for undoped nanosized LaF3 and about 3 orders of magnitude higher than
for bulk LaF3 at temperatures around 800 K.

ã 2016 Elsevier B.V. All rights reserved.

Contents lists available at ScienceDirect

Journal of Fluorine Chemistry

journal homepage: www.else vie r .com/ locate /fluor
1. Introduction

Lanthanum fluoride is an important material for optics [1,2],
luminescence [3,4], sensors [5,6], biomedicine [7], and solid state
ionics [8–12]. LaF3 with the tysonite crystal structure possess
superionic fluorine conductivity at high temperatures, which is
governed by the disordering in the anionic sublattice. Doping of
LaF3 with SrF2 enhances the ionic mobility significantly. The
highest ionic conductivity was found for (3–5) mol% SrF2. It is up to
two orders of magnitude higher than in pure LaF3 [13,14]. Several
methods have been applied to obtain doped LaF3: single crystals
can be grown by Bridgman or Czochralski technique [15], ceramics
can be obtained by hot pressing [16], thin films can be achieved by
spin coating [17], vacuum deposition [18] or by layer-by-layer
synthesis [19,20].

Strategies for the fabrication of materials are very important to
improve their properties. In the past decade a lot of attention was
paid to the methodology of the synthesis of tubular micro- and
nanostructures due to their enhanced properties and potential
applications related to their special morphology [21–26]. Recently,
an innovative Gas–Solution Interface Technique (GSIT) was
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successfully applied to synthesize the well-known inorganic
materials with the tubular morphology [27–32]. The interaction
between cations from solution of salts and gaseous reagent by GSIT
plays an important role in this type of synthesis. In particular the
reaction between aqueous solution of lanthanum salt and gaseous
HF leads to the formation of a film composed of two dimensional
LaF3 nanocrystals. Drying the film leads to a formation of
microtubes [30]. The fluorine dynamics in this nanosized LaF3
was found to be about two orders of magnitude higher, than in bulk
[32]. To enhance the ionic conductivity of LaF3 further, it seems to
be promising to apply GSIT to obtain heterovalent doped materials.

In this work we apply GSIT to synthesize nanosized LaF3 doped
with different amounts of SrF2. In analogy to proceeding our
previous studies on nanosized and doped LaF3 [32–39], the
fluorine mobility of the doped LaF3 nanocrystals is studied by NMR
diffusometry. The results are compared with undoped nano-
crystalline LaF3 (obtained by GSIT) and with bulk LaF3 [33].

2. Results and discussion

2.1. La1�xSrxF3�x (0 < x � 16) layer formation by GSIT

As a result of the interaction of gaseous HF with the surface of a
solution of mixed LaCl3 and SrCl2 a transparent thin film was
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Fig. 2. Dependence of the SrF2 content in nanosized La1�xSrxF3�x (0 < x � 0.16) on
the concentration of SrCl2 salt in the mixed solution. The LaCl3 concentration was
0.05 mol/l.

Fig. 3. X-ray diffraction patterns for La1�xSrxF3�x with different SrF2 contents (a)
5 mol%; (b) 13 mol%; (c) 16 mol%.
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formed. When transferred on the surface of support and dried at
room temperature this film rolls into a microtube. The SEM
investigation (Fig. 1) shows that the morphology of the film is
determined by the relative concentration of the salts in the mixed
solution. When only a small amount of strontium salt is added, the
synthesized film is not dense having voids between the arrays of
2D nanosheets (Fig. 1a,b). The void space in the film decreases with
increasing concentration of SrCl2 (Fig. 1c–e). A film synthesized
from the solution with maximal concentration of SrCl2 (Fig. 1e) has
a structure almost free of voids.

By electron probe microanalysis (EPMA) it is revealed that the
concentration of elements in the synthesized product is not
proportional to that in the solution (Fig. 2). Specifically, with
increasing SrCl2 salt concentration above 0.01 mol/l the content of
Sr2+ in La1�xSrxF3�x (0 < x � 0.16) film stills nearly unchanged. The
highest SrF2 concentration is about 16 mol%.

X-ray diffraction patterns for La1�xSrxF3�x obtained by GSIT
with dopant concentrations of 5 mol%, 13 mol% and 16 mol% are
shown in Fig. 3. One can see a series of diffraction peaks assigned to
the crystal planes of LaF3 with its tysonite structure [ICDD PDF #
00-032-0483]. No further peaks related to other compounds are
presented.

In our opinion, the difference of the solubility-product constant
between SrF2 and LaF3 leads to the lanthanum fluoride with the
tysonite-type phase initially formed at the interface. In according
with [40] the solubility limits SrF2 in LaF3 were 2–15 mol% in
dependent on production method and temperature. In GSIT
synthesis conditions the highest SrF2 content in tysonite was
about 16%.

2.2. Synthesis and characterization of La95Sr0.05F2.95 microtubes

For the investigation of diffusion coefficients we prepared the
sample with the composition La0.95Sr0.05F2.95 using GSIT. As can be
seen from Fig. 4, the rolled tubes of La0.95Sr0.05F2.95 have a diameter
of about 70 mm and a length up to 2 mm. The SEM images show
(Fig. 5) that the tube walls are consisting of ordered arrays of 2D
nanocrystals oriented perpendicular to the wall surface. The tube
wall has a thickness of about 0.5 mm and consists of densely packed
(10–12) nm thick 2D crystals. On the inner side the wall density is
lower as on the outer side (Fig. 5).

EPMA (Fig. 6) has shown the absence of remaining chlorine
atoms from the aqueous solution of LaCl3 and SrCl2. The element
composition of the tubes consists only of La, Sr and F atoms. The
resulted ratio of Sr/La is 1/19 which corresponds to La0.95Sr0.05F2.95.

The FT-IR spectrum of the La0.95Sr0.05F2.95 sample (Fig. 7)
display an absorption band at 335 cm�1 which can be attributed to
La-F valence vibrations [41]. The bands at 3400 cm�1 and
Fig. 1. SEM images of the films, synthesized from a mixed solutions of salts with 0.05 mo
0.005 mol/l; (d) 0.01 mol/l; (e) 0.025 mol/l.
1640 cm�1 are related to valence and to deformational oscillations
of the O��H bonds of remaining water molecules respectively [42].

Fig. 8 shows XRD patterns of La0.95Sr0.05F2.95 a) after the
synthesis and b) after annealing at 1000 K. One can see a series of
diffraction peaks well assigned to the crystal planes of LaF3 with
the tysonite structure [ICDD PDF # 00-032-0483]. No impurities
are presented. The lattice parameters of La0.95Sr0.05F2.95 obtained
by Rietveld analysis were found as follows: space group P�3c1;
a = 7.18415; c = 7.3553 that are nearly to the parameters of undoped
tysonite. Therefore the Sr+2 ions are uniformly incorporated into
the host lattice of LaF3. The resolution of the X-ray data was not
sufficient to permit an accurate analysis of occupation of the La site
by Sr for such a low doping content. After annealing at 1000 K the
crystallinity is enhanced (Fig. 8b). Diffraction peaks from the
l/l LaCl3 and different concentrations of SrCl2: (a) 0.00125 mol/l; (b) 0.0025 mol/l; (c)



Fig. 4. Optical microscope image of La0.95Sr0.05F2.95 tubes.

Fig. 6. EPMA spectrum of La0.95Sr0.05F2.95 obtained by GSIT.
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products of possible oxidation of the tysonite structure are not
visible.

2.3. Fluorine dynamics from NMR data

Translational motion of fluorine ions in nanosized
La0.95Sr0.05F2.95 is studied by SFG NMR diffusometry. Due to the
fact that the experiment probes diffusion on length scales from
100 nm to 1000 nm, geometrical restrictions of the nanosheets for
motion perpendicular to the planes lead to an effective diffusion
which can be treated as two dimensional (Eq. (1) in Experimental).
In principle, additional geometrical restrictions along the sheets
could lead to a time dependence of the resulting diffusion
coefficient that could be lower for longer diffusion times and,
thus, diffusion length, e.g. when defects in the sheet structure
result in obstacles against the ionic diffusion on the experimental
length scale. To determine whether our results are time indepen-
dent we carry out stimulated echo measurements at various
mixing times tm (see Experimental). The data are fitted simulta-
neously using Eq. (1) multiplied by a factor for spin-spin relaxation.
The Hahn echo and the stimulated echo amplitudes as a function of
the evolution time t for various tm are presented in Fig. 9.

The curves are well fitted by the model of 2D diffusion. When
the diffusion coefficients have no time dependence, after extrac-
tion of the relaxation terms one can create a single muster curve S
(q2t) from the set of stimulated echo data (Fig. 9). In Fig. 10 we see
that the decays indeed collapse into a single muster curve at all
studied temperatures. Hence the decay of the master curve is
determined by the diffusion coefficient only. Altogether, on the
Fig. 5. SEM images of a La0.95Sr0.05F2.95 tubular wall: (a) and (b) show the vie
accessible time scales no evidence for a time dependence of the
resulting diffusion coefficients can be found in the studied
temperature range.

The results on diffusion coefficients are presented in Fig. 11 for
doped nanosized LaF3 in comparison with published data for
undoped nanosized [32] and for bulk LaF3 [33] as an Arrhenius
plot. For all samples the dynamics can be well described by an
Arrhenius law in the presented temperature range. The doped
nanosized LaF3 shows diffusion coefficients that are about three
orders of magnitude higher than for undoped bulk LaF3 and about
one order of magnitude higher than for undoped nanosized LaF3 at
temperatures around 800 K. At lower temperatures the difference
is even higher. The activation energy for bulk LaF3 is 1.16 eV. For
undoped nanosized LaF3 it is 0.72 eV and for doped nanosized LaF3
it is 0.31 eV. Thus we can conclude that below 700 K the nanosized
doped sample La0.95Sr0.05F2.95 possesses the highest ionic mobility
known from the LaF3 type ionic conductors [33].

3. Conclusion

It is shown that the thin layer of LaF3 doped by SrF2
(0 < x � 0.16) can be obtained by the synthesis at the gas–solution
interface via the interaction between the mixture of aqueous
solutions of LaCl3 and SrCl2 salts with gaseous HF. The amount of
SrF2 in the layer is controlled by concentration of strontium salt in
initial solution and can be varied up to 16 mol%. The layers are built
up from densely packed 2D nanocrystals, and the packing density
depends on the synthesis conditions. The thickness of the 2D
nanocrystals is about (10–12) nm. After drying the layers roll into
microtubes, having a diameter of about (70–100) mm and a length
up to 2 mm. The synthesized material has the crystal structure of
tysonite. Up to 1000 K the tysonite structure remains.

NMR diffusometry has shown significant enhancement of the
diffusion coefficients which are about one order of magnitude
higher than for the undoped nanosized LaF3 and about 3 orders of
magnitude higher than for the bulk LaF3. The nanosized
La0.95Sr0.05F2.95 shows the lowest activation energy of 0.31 eV in
the temperature range from 625 K to 925 K.
w from inside (different magnification); (c) outside view; (d) side view.



Fig. 7. FT-IR spectrum of a La0.95Sr0.05F2.95 sample placed on a single-crystal silicon
substrate.

Fig. 8. X-ray diffraction patterns of La0.95Sr0.05F2.95 sample as synthesized (a) and
after annealing at 1000 K (b).

Fig. 9. Hahn echo (tm = 0) and stimulated echo attenuation for various mixing times
tm at T = 775 K. The lines are fits using Eq. (1).

Fig. 10. Master curves for the echo decay at various temperatures.

Fig. 11. Arrhenius plot of fluorine self-diffusion coefficients for doped nanosized,
undoped nanosized and bulk LaF
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Nanosized material on the basis of doped LaF3 obtained using
GSIT is promising for all applications typical for solid state ionics.

4. Experimental

4.1. Synthesis

LaCl3 (chemically pure) and SrCl2 (extra pure) salts and 40%
hydrofluoric acid provided by Vekton were used as reagents.
Aqueous solutions were made using Milli-Q high purity water with
a resistivity higher than 18 MV/cm. For the investigation of film
formation peculiarities at the interface the weighed quantity of
SrCl2 was added to solution of 0.05 mol/l LaCl3 in H2O so that the
concentration of SrCl2 salt varies from 0.00125 mol/l to 0.025 mol/l.

The nanosized LaF3 doped with SrF2 was prepared via Gas–
Solution Interface Technique (GSIT) [31]. For this purpose the
mixed LaCl3 and SrCl2 salts solution was poured into a flat teflon
vessel, than located into a hermetically sealed teflon lined
chemical reactor and treated by gaseous HF during 30 min at
room temperature. For the NMR investigation the sample was
synthesized from a mixed solution with 0.045 mol/l LaCl3 and
0.005 mol/l SrCl2.

The film formed on the solution surface was transferred
carefully onto the surface of pure distilled water and left for 10 min
in order to remove the excess of reagent solution. After the
procedure has been repeated twice, the film was transferred to the
silicon wafer surface and dried at room temperature. The wafer
was washed in acetone to remove organic impurities originated in
environment and etched for 10 min in “piranha” solution (mixture
of H2O2 and concentrated H2SO4 in the volume ratio of 3:7) with
simultaneous ultrasonic cleaning (60 W) to prepare a hydrophylic
surface and then rinsed thoroughly in water. During drying the
films roll into microtubes.

4.2. Characterization

For structure and composition analysis we used SEM, FT-IR,
XRD, EPMA and optical microscopy. The formation of microtubes
was registered using a LCD digital optical microscope. The
morphology was investigated using scanning electron microscopy
(Zeiss EVO-40EP or Supra VP-40). The chemical composition and
the Sr/La ratio was determined by EPMA using a scanning electron
microscope equipped with an INCA 350 Energy EDX analyzer
(Oxford Instruments). For the SEM and EPMA investigations the as-
3.
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prepared microtubes were placed on carbon conductive tape.
Infrared spectra were obtained on a Brucker Vertex 70 infrared
spectrometer. To have a high signal-to-noise ratio, each IR
spectrum was accumulated after 64 successive scans obtained at
a spectral resolution of 4 cm�1. X-ray powder diffraction was
performed on diffractometer (Bruker D2 Phaser) equipped with Cu
Ka X-ray source. For investigation of the thermal stability the
sample was placed in a quartz-line test tube, heated to 1000 K with
rate of 5 K/min, annealed at 1000 K during 1 h and slowly cooled to
room temperature during 8 h.

4.3. Dynamics

To analyze the fluorine dynamics we performed NMR
diffusometry in a static magnetic field gradient (SFG) [43] in the
temperature range from 625 K to 925 K. A field gradient of g = 73 T/
m is produced by a specially designed superconducting magnet
with an antisymmetric arrangement of field coils. The experiments
were performed at the Larmor frequency of 156 MHz, the 90� pulse
length was 0.6 ms. A high temperature probe with micro furnace
was used [44]. To measure diffusion coefficients a three pulse
stimulated echo sequence for various mixing times tm and a two
pulse Hahn echo sequence were applied. The periods of de- and re-
phasing are denoted as the evolution times t [45]. For the
stimulated echo sequence the magnetization storage time after the
second RF pulse is given by the mixing time tm. For the case of
tm >> t the mixing time tm can be approached as the diffusion time.
In the case of the Hahn echo the diffusion occurs during t. The echo
decay for all experiments can be described by the same Eq. (1)
whereby tm is equal to zero for the Hahn echo.

For data analysis one has to consider the structural peculiarities,
because the ion motion is restricted by the geometry of the
nanosheets. SFG NMR diffusometry is sensitive for translational
motion of fluorine ions on a mesoscopic length scale typically
100 nm–1000 nm, while the thickness of the sheets is only about
10 nm. Therefore this technique is not sensitive to diffusion in the
direction perpendicular to the sheet plane and is sensitive to
diffusion along the sheet plane. Therefore we can treat the
diffusion as two dimensional.

The echo attenuation for two dimensional diffusion S2D results
by a powder averaged projection of the inclined sheet planes on the
gradient direction over all polar angles u weighted by sin u [45].
Without the relaxation terms the echo amplitude can be described
by:

S2D ¼
Z p

0
exp �q2Dtsin2u

� �
sinudu=

Z p

0
sinudu

¼
Z 1

0
exp �q2Dt 1 � x2

� �� �
dx ð1Þ

Where D is the self-diffusion coefficient, t = 2t/3 + tm, and q = ggt is
a generalized scattering vector [43] given by the product of the
fluorine gyromagnetic ratio g , the field gradient g and the
evolution time t.
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