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Abstract.1 It has been determined that the concentration 
interval for the existence of solid solutions of heterovalent 
substitution Ba1-xLaxSnF4+x, which are formed by the partial 
replacement of barium cations with lanthanum cations in 
the BaSnF4 compound, is 0.0 < х ≤ 0.12. The obtained 
phases are isostructural BaSnF4, have a crystal lattice of 
tetragonal syngony, corresponding to the P4/nmm space 
group. The change in the values of electrical conductivity 
and its activation energy is extreme, with a maximum for 
the composition with lanthanum cation content of 0.07 m.р. 
and is 3.08∙10–3 S/cm at 623 K and 5.69∙10–4 S/cm at  
293 K, respectively. The electrochemical stability window 
of the synthesized phases is estimated by the potential range 
of –1.7 ÷ +1.7 V. 
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1. Introduction 
An urgent task of modern science and technology 

is the creation of new electrode and electrolyte materials 
for current sources of the next generation. Recent studies1 

demonstrate the prospects of using fluoride-conducting 
solid electrolytes. Fluoride-conducting phases with high 
unipolar conductivity in the temperature range close to 
room temperature make it possible to create 
fundamentally new chemical current sources with specific 
characteristics that exceed the known ones2. Functional 
materials based on fluoride-conducting phases are not 
only practically used in chemical current sources but also 
in sensors, ion-selective electrodes, etc.2–4.Therefore, the 
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synthesis and study of the electrophysical properties of 
fluoride-conducting phases to create new electrode and 
electrolyte materials based on them are not only of 
scientific but also of applied importance. 

Solid fluoride-conducting electrolytes, isostructural 
PbSnF4, due to the presence of a single stereochemically 
active pair of 5s2 electrons of the Sn2+ cation have a 
sufficiently high unipolar conductivity for fluorine anions 
at room temperature and a relatively high electrochemical 
stability window, which attracts them for use in solid-state 
fluoride current sources5–8. The compound BaSnF4 is 
isostructural to PbSnF4, its crystal lattice corresponds to 
tetragonal syngony with a layered arrangement of cations 
•••BaBaSnSnBaBa••• along the c axis of the unit cell9. 
Due to this cation configuration, the mobile fluorine 
anions are primarily located in the Ba–Sn and Sn–Sn 
structures of the solid electrolyte. Ba–Ba layers act as 
barriers to conductivity in polycrystalline material since 
the fluorine anions located there are almost immobile. 
Consequently, their migration in the electric field in 
polycrystalline samples of fluoride-conducting phases 
based on BaSnF4 occurs due to their jump into the space 
between layers Ba–Sn10. Therefore, the conductive 
properties of these compounds are significantly influenced 
not only by the concentration of defects in the crystal 
lattice but also by their location in the anionic sublattice 
between layers of cations.  

Ionic transport in such structures generally depends 
on the structural framework, the intrinsic mobility of the 
conductive ions and their thermal activation, the 
concentration of internal and/or external defects, and the 
influence of the crystalline field of the moving ions. Ion 
diffusion mechanisms are mainly based on Schottky and 
anti-Frenkel point defects, including the vacancy 
mechanism, the internode mechanism, and the internode 
substitution exchange mechanism11.  

Conductivity can be improved by purposefully 
changing the concentration of defects in the crystal lattice 
of fluoride-conducting phases based on the BaSnF4 
compound by introducing heterovalent substituents into its 
composition, which can affect the mobility of fluorine 
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anions and electrical conductivity. Substitution of barium 
ions for different cations leads to the formation of various 
types of defects in the structure of the electrolyte, which 
leads to an increase in the conductive properties of non-
stoichiometric phases.  

It was demonstrated12 that replacing a part of the 
barium cations with Ce3+ cations in the BaSnF4 compound 
can significantly influence its electrical conductivity. 
Thus, the conductivity of the fluoride-conducting phase of 
the Ba0.95Ce0.05SnF4.05 composition is almost 3.5 times 
higher than the conductivity of the BaSnF4 at room 
temperature and is 5.2∙10–4 S/cm. Furthermore, this 
electrolyte shows a lower activation energy than BaSnF4 
(0.15 eV vs. 0.25 eV). 

It was also found that the doping of BaSnF4 with 
Nd3+ and Eu3+ ions up to 3–4 mol % leads to the 
formation of additional interstitial fluorine ions, which 
increases the conductivity of these non-stoichiometric 
phases13–15. A further increase in the amount of dopant 
leads to a decrease in the conductivity parameters of the 
solid electrolyte.  

The conductivity of conductive phase fluorides 
isostructural to BaSnF4 is affected not only by 
heterovalent but also by isovalent substitution. For 
example, the replacement of some barium cations with 
manganese cations in the original structure increases the 
conductivity. It was shown16 that Ba0.96Mn0.04SnF4.00 
composition at room temperature has a conductivity of 
2.7∙10–4 S/cm, which exceeds the conductivity of BaSnF4. 

The conductivity and structural features of the 
fluoride-conducting phases formed in the BaF2-SnF2 binary 
system were studied by several authors7, 17, 18. It was found7 
that the non-stoichiometric phase of Ba0.47Sn0.53F4.00 
composition has the highest electrical conductivity  
(σ = 4.1∙10−3 S/cm at room temperature) and the lowest 
activation energy of ionic conductivity (Ea = 17.9 kJ/mol). 

This work is aimed to study the effect of 
substitution of part of Ba2+ cations in the BaSnF4 initial 
structure with a heterovalent substituent with a similar 
radius (La3+) to discover new solid fluoride-conducting 
phases that can be of practical importance in the field of 
electrical engineering. 

2. Experimental  

2.1. Materials 

To obtain solid solutions of the Ba1-xLaxSnF4+x 
composition, reagents with a sufficient content of the 
main substance were used: Ba (NO3)2 (99.95 %), La2O3 
(99 %), SnF2 (99 %), and NH4F (99 %). 

2.2. Methods 

2.2.1. Synthesis of Solid Solutions 

Ba1-xLaxSnF4+x solid solutions were synthesized in 
several stages19–21. At the first stage, solid solutions of the 
Ba1-xLaxF2+x composition (x = 0.01; 0.03; 0.05; 0.07; 0.10; 
0.12) were obtained by the coprecipitation method from 
the solutions. The investigated concentration interval was 
limited by the lanthanum content x = 0.12; above this 
value, it was impossible to obtain single-phase products 
by this method. Initially, a 0.1 M solution of La(NO3)3 
was prepared by dissolving the calculated amount of 
lanthanum oxide in concentrated nitrate acid, followed by 
dilution with distilled water. A 0.1 M solution of Ba(NO3)2 
was prepared by dissolving the salt in distilled water. Then 
the two solutions were mixed in the appropriate ratio, stirred 
for 10 min on a magnetic stirrer, and added dropwise to a 
sevenfold excess of NH4F solution to complete the co-
precipitation of barium and lanthanum fluorides. The resul-
ting precipitate was separated from the residues of soluble 
cations and anions in a centrifuge by washing with distilled 
water. Then it was dried at 333 K in an oven for 48 h. 

At the second stage, the resulting solid solutions 
were mixed with an equivalent amount of SnF2, crushed 
and homogenized in an agate mortar, and the mixture was 
pressed into tablet samples under a pressure of 7 MPa, 
which were subsequently sintered to obtain non-
stoichiometric phases of the Ba1-xLaxSnF4+x composition. 
The synthesis was carried out at a temperature of 773 K for 
30 min in an argon atmosphere to prevent the formation of 
oxides and oxyfluorides. 

2.2.2. X-ray Diffraction Analysis  

X-ray diffraction analysis (XRD) of the synthesized 
samples was performed on a DRON-3M diffractometer 
with CuKα radiation in the range of angles from 10 to 
80 deg. with a step of 0.04 deg. and an exposure of 3 s at 
each point. The JCPDS database was used to identify the 
diffractograms. Processing of diffraction patterns and 
calculations of unit cell volumes were carried out using the 
computer programs Match and UnitCell. 

2.2.3. Energy Dispersive X-ray Spectroscopy 

The chemical composition of Ba1-xLaxSnF4+x solid 
solutions was determined using a Tescan Vega scanning 
electron microscope equipped with an energy dispersive X-
ray detector (Oxford detector). For each sample, three 
measurements were taken from different areas, 
subsequently averaged to obtain reliable results. The 
measurement error was up to 3 %. 

2.2.4. Alternating Current Bridge Method 

The electrical conductivity of the synthesized 
samples was studied by the alternating current method 
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using a two-electrode circuit with the help of an 
alternating current bridge P5083. Cylindrical polycry-
talline samples with a diameter of 8.0 mm and a thickness 
of 1.3–1.6 mm pressed under a pressure of 10 MPa for 
3 min were used for the research. The current leads to the 
samples were polished platinum plates.  

The temperature dependence of the electrical 
conductivity of complex fluorides was studied at a 
frequency of 100 kHz. Measurements were carried out in 
an argon atmosphere at 298–623 K after thermostating in 
the cooling mode. The temperature measurement error was 
up to 1 %, and the electrical conductivity was up to 4 %. 

The specific electrical conductivity was calculated 
according to Eq. (1) 

σ = l/s⋅R,   (1)   
where l is the thickness of the cylindrical sample, s is the 
contact area, and R is the active resistance. 

2.2.5. Impedance Spectroscopy 

Impedance was measured using a broadband 
dielectric spectrometer RLC E7-30. The pressed (10 MPa 
for 3 min) cylindrical polycrystalline samples with a 
diameter of 8 mm and thickness of 1.6 mm were placed 
between two polished platinum electrodes in the sample 
cell, which was then heated to operating temperature. After 
thermostating the sample in the cooling mode, 
measurements were made in the frequency range from 
25 Hz to 3 MHz at the temperature range from room to 
523 K. The measurement error was up to 3 %. The electro-
hemical impedance spectrum of the solid electrolyte was 
modeled using the EIS Spectrum Analyzer software. 

2.2.6. Cyclic Voltammetry 

Studies of the electrochemical stability window 
were performed by cyclic voltammetry using the MTech 
POL-21 device in a two-electrode cell with platinum 
electrodes at potential scanning rates of 10 mV/s at a 
temperature of 373 K. Cylindrical polycrystalline samples 
with a diameter of 8.0 mm and a thickness of 2.0–3.0 mm 
pressed under a pressure of 10 MPa for 3 min were used 
for the research. 

3. Results and Discussion 

3.1. Study on the Phase Composition of 
the Obtained Phases of the Ba1-xLaxF2+x 
Composition 

According to the results of XRD analysis, solid 
solutions of the Ba1-xLaxF2+x composition have a cubic 
crystal lattice (sp. group Fm3m) and are isostructural to 
BaF2 (JCPDS card No. 00-004-0452) (Fig. 1, a). The 

volume of unit cells of the synthesized samples linearly 
decreases with an increase in the substituent content (Fig. 1, 
b), which corresponds to the rules of crystallographic 
substitution. The effective ionic radii of cations Ba2+ and 
La3+ are 0.135 and 0.101 nm, respectively (for VI 
coordination)22. Unit cell volumes decrease from 2.387 nm3 
for BaF2 to 2.382 nm3 for Ba0.88La0.12F2.12. It is noted that 
the second phase of isostructural BaF2 is formed in the 
synthesized samples with a substituent content of x ≥ 0.10, 
but with a shorter lattice period than that of the main solid 
solution. The diffractograms of the samples with substituent 
content x = 0.10 and 0.12 (Fig. 1, a) clearly show additional 
reflexes of the first four diffraction reflexes of the main 
phase maxima.  

3.2. Study on the Synthesis Conditions 
of Solid Solutions of the Ba1-xLaxSnF4+x 
Composition 

The optimal conditions for the synthesis of non-
stoichiometric phases of Ba1-xLaxSnF4+x were determined 
by studying the dependence of X-ray diffractograms on 
the duration and sintering temperature of the solid solution 
of Ba1-xLaxF2+x and SnF2. The optimal sintering time was 
determined as follows: samples prepared under the same 
conditions were sintered at 773 K in an argon atmosphere 
with different holding times. According to the XRD data 
(Fig. 2, a), the sample synthesized for 30 min has the 
highest quality crystal structure, and the sample with a 
holding time of 40 min already shows the formation of 
impurity phase signals. The impurity phase can be 
attributed to the formation of tin (IV) oxide (JCPDS card 
No. 00-001-0625). At the next stage, the prepared samples 
were sintered for 30 min at different temperatures from 
623 K to 823 K. 

It was found that the resulting structure (P4/nmm) 
was formed in the entire temperature range studied 
(Fig. 2, b). To prevent the loss of tin (II) fluoride during 
synthesis and to ensure a more uniform distribution of the 
substituent in the sample volume, sintering was performed 
at 773 K.  

3.3. Determination of the Phase 
Composition of the Ba1-xLaxSnF4+x 
Synthesized Samples  

Ba1-xLaxSnF4+x, which was obtained at the second 
stage of the synthesis phase, has a tetragonal crystal lattice 
(P4/nmm) and is isostructural to BaSnF4 (JCPDS card 
No. 00-038-0738) (Fig. 3). The maximum content of x 
substituent (La3+) in the resulting phases is 0.12. 
Calculation of unit cell volumes showed that substitution 
of a part of Ba2+ cations with La3+ cations does not 
significantly affect the unit cell volume of the  
Ba1-xLaxSnF4+x obtained phases. 
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Fig. 1. Diffraction patterns (a) and unit cell volumes (b) of solid solutions of Ba1-xLaxF2+x 

 

 
 

Fig. 2. Ba0.95La0.05SnF4.05 diffractograms: dependence on the synthesis duration (a) and dependence on the synthesis temperature (b) 

 
 

Fig. 3. Diffractograms of Ba1-xLaxSnF4+x solid solutions 

а b 

а b 
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Table 1. Elemental composition of Вa1-xLaxSnF4+x solid solutions 
Calculated mixture composition EDX results after synthesis 

Formula Element at % at % Сomposition, mole 
Ba 16.66 16.49 0.99 
Sn 16.67 16.84 1.01 

BaSnF4 

F 66.67 66.67 4.00 
Ba 16.47 16.61 1.00 
La 0.17 0.17 0.01 
Sn 16.64 16.45 0.99 

Ba0.99La0.01SnF4.01 

F 66.72 66.77 4.02 
Ba 16.09 16.39 0.99 
La 0.50 0.53 0.03 
Sn 16.58 16.22 0.98 

Ba0.97La0.03SnF4.03 

F 66.83 66.86 4.04 
Ba 15.70 15.83 0.96 
La 0.83 0.81 0.05 
Sn 16.53 16.31 0.99 

Ba0.95La0.05SnF4.05 

F 66.94 67.05 4.07 
Ba 15.32 15.49 0.94 
La 1.15 1.22 0.07 
Sn 16.48 16.07 0.98 

Ba0.93La0.07SnF4.07 

F 67.05 67.22 4.08 
Ba 14.75 14.91 0.91 
La 1.64 1.81 0.11 
Sn 16.39 15.89 0.97 

Ba0.90La0.10SnF4.10 

F 67.21 67.39 4.11 
Ba 14.19 14.17 0.87 
La 2.12 2.20 0.13 
Sn 16.31 16.24 1.00 

Ba0.88La0.12SnF4.12 

F 67.37 67.39 4.14 
 
3.4. Determination of the Chemical 
Composition of the Obtained  
Ba1-xLaxSnF4+x Solid Solutions 

Based on the results of energy dispersive analysis 
for the obtained solid solutions, it was determined that the 
elemental composition of the resulting materials is almost 
identical to the calculated values (see Table 1). Minor 
deviations from the composition of the formula noted in 
the analysis results may be due to the evaporation of SnF2 
and instrument error. 

3.5. Ionic Conductivity Test of the 
Synthesized Samples of Ba1-xLaxSnF4+x 
Solid Solutions 

Analysis of the conductivity isotherms of the 
synthesized samples of non-stoichiometric phases  
Ba1-xLaxSnF4+x showed that an increase in the substituent 
content to x = 0.07 increases the conductivity (Fig. 4, b). 
This may be due to the substitution of part of the nodal 
barium cations with lanthanum cations, increasing the 
concentration of interstitial fluorine anions iF′ : 

( ) *
3 3 Ba iLaF BaF La F′→ + .          (2) 

The substitution scheme is given according to the 
Kröger-Vink notation. 

As a result, with an increase in the lanthanum 
content in the solid solution sample, the concentration of 
mobile interstitial fluorine anions iF′  increases, which is 
responsible for the conductivity of the following phases15–17. 
The best conductivity values have the Ba0.93La0.07SnF4.07 
phase, for which σ = 1.53∙10–3 S/cm at 353 K. 

Analysis of temperature dependencies of electric 
conductivity of the synthesized samples of fluoride-
conducting phases makes it possible to distinguish two 
straight sections in high-temperature and low-temperature 
regions. Both are satisfactorily approximated by the 
Arrhenius – Frenkel equation (3), as evidenced by the 
calculated values of the determination coefficient R2 
(Table 2):  

)/exp( kTEAT а∆−=σ ,       (3) 

where σТ product of specific electrical conductivity by 
temperature expressed in Kelvin degrees, A is the pre-
exponential factor, ∆Еа is the activation energy of ion 
conductivity, and k is the Boltzmann constant. 
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The presence of this effect may be due to structural 
changes in the solid electrolyte, due to which the amount 
of fluorine anions in the interstitial spaces of the crystal 
lattice increases as a result of heating the solid 
electrolyte19, 23. Fluoride ions in the leading phases with 
fluorite and tysonite structure occupy three different 
positions7, 24, differing from each other by cationic 
environment and bond length M–F. At a certain 
temperature, locally mobile fluoride anions acquire energy 
sufficient to overcome the energy barrier and pass into the 
internode space. With a further increase in temperature, 
the concentration of charge carriers practically does not 
change but only their mobility increases. 

The calculated values of the activation energy of 
ionic conductivity of the obtained solid solutions are 
lower than those of the original BaSnF4 compound, and 
this pattern is observed over the entire temperature range 
under study (Table 2). This may be due to the effect of the 
heterovalent substituent on the structure of the solid 
electrolyte. The values of the activation energy of ionic 
conductivity gradually decrease with an increase in the 
substituent content up to x = 0.07, then these values 
gradually increase. The Ba0.93La0.07SnF4.07 phase is 
characterized by the lowest values of the activation energy 
of ionic conductivity and is 0.237 eV in the high-tempe-
rature region and 0.085 eV in the low-temperature region. 

 

 
 

Fig. 4. Electrical conductivity of the synthesized samples of polycrystalline fluoride-conducting phases Ba1-xLaxSnF4+x  
at different temperatures and substituent content (a) and electrical conductivity isotherm at 353 K (b) 

 
Table 2. Parameters of electrical conductivity of Вa1-xLaxSnF4+x solid solutions 

Sample  ∆Еа, eV ± 0.01 lg(A), (S/cm)∙К σ, S/cm ± 4% Т, К  ± 2 R2 

Ba0.99La0.01SnF4.01 622–425 
425–291 

0.386 
0.167 

2.89 
0.31 

9.62⋅10-4 
9.71⋅10-6 

622 
291 

0.9964 
0.9967 

Ba0.97La0.03SnF4.03 621–413 
413–286 

0.284 
0.115 

2.14 
0.12 

1.21⋅10-3 
4.71⋅10-5 

621 
286 

0.9947 
0.9767 

Ba0.95La0.05SnF4.05 625–445 
445–286 

0.224 
0.101 

1.74 
0.39 

1.48⋅10-3 
1.55⋅10-4 

625 
286 

0.9837 
0.9884 

Ba0.93La0.07SnF4.07 623–480 
480–291 

0.172 
0.086 

1.69 
0.73 

3.08⋅10-3 
5.69⋅10-4 

622 
285 

0.9955 
0.9948 

Ba0.90La0.10SnF4.10 626–435 
435–287 

0.237 
0.085 

2.18 
0.46 

3.25⋅10-3 
3.31⋅10-4 

626 
287 

0.9906 
0.9745 

Ba0.88La0.12SnF4.12 631–441 
441–284 

0.236 
0.098 

2.07 
0.53 

2.54⋅10-3 
2.38⋅10-4 

631 
284 

0.9912 
0.9899 

 
The typical nature of the impedance hodographs of 

all tested samples of solid solutions of this system in the 
complex plane Z'–Z" on the example of the 
Ba0.93La0.07SnF4.07 composition is given in Fig. 5. With 
increasing temperature, the impedance of all tested 
samples decreases, which indicates an increase in ion 

conductivity during heating. The obtained spectra are 
satisfactorily approximated by the equivalent scheme 
provided in the insert (left, top, Fig. 5). The resulting 
dependence can be approximated by an equivalent circuit 
in which a constant phase element (CPE) and volume 
resistivity R are connected in parallel25. The conductivity 

а b 
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data calculated from the impedance spectra are in good 
agreement with the values obtained by the alternating 
current method.  

 

 
 

Fig. 5. Impedance spectra of Ba0.93La0.07SnF4.07  
at different temperatures 

 

3.6. Voltammetric Studies of the 
Synthesized Samples of Ba1-xLaxSnF4+x 
Solid Solutions 

The typical character of the voltammograms of the 
synthesized samples of Ba1-xLaxSnF4+x solid solutions is 
presented on the example of voltammogram of the 
Ba0.95La0.05SnF4.05 sample. At potentials above –1.7 V in 
the cathode region, both during the forward and reverse 
potential scan, an increase in the current flowing through 
the cell is recorded. In the anode region, at potentials of 
+1.7 V, an increase in the current flowing through the cell 
is also recorded, both during the forward and reverse 
potential sweep (Fig. 6, a). This gives reason to believe 
that in the interval of +1.7 V ÷ –1.7 V, almost no 
electrochemical transformations occur in the synthesized 
sample. It was noted that when the voltammetry cycles in 
the potential range below its decomposition potential, the 
character of the voltammetry practically does not change 
(Fig. 6, b). 

 

 
 

Fig. 6. Cyclic voltammograms of Ba0.95La0.05SnF4.05 at T = 373 K and a sweep speed of 10 mV/s:  
value of ESW (a) and electrochemical behavior during 3 cycles (b) 

 

4. Conclusions 

Single-phase fluorine-conducting solid solutions of 
heterovalent substitution Ba1-xLaxSnF4+x with an 
isostructural lattice of BaSnF4 corresponding to tetragonal 
syngonality (P4/nmm) were obtained. The concentration 
interval of fluoride formation in the conductive phases of 
the Ba1-xLaxSnF4+x composition was determined, which is 
0.12 m.p. of lanthanum content. 

It was established that with an increase in the sub-
stituent content in the synthesized phases to х ≤ 0.07, their 
electrical conductivity increases, and the activation energy 
decreases. With a further increase in the substituent 
content, the electrical conductivity decreases, and its 
activation energy increases. The Ba0.93La0.07SnF4.07 sample 

has the highest electrical conductivity of 3.08∙10–3 S/cm at 
623 K and 5.69∙10–4 S/cm at 293 K. 

It was demonstrated that the introduction of a 
substituent reduced the activation energy for all samples 
compared to the parent compound. Phase containing 
0.07 m.p. La3+ is characterized by the lowest values of ion 
conductivity activation energy, which is 0.172 eV in the 
high-temperature region and 0.086 eV in the low-
temperature region. 

It was found that in the potential range of  
+ 1.7 V ÷ – 1.7 V, the synthesized samples of fluorine-
conducting phases practically do not undergo electro-
chemical transformations, which indicates the possibility 
of their use in this potential range as electrolyte materials 
for solid-state electrophysical devices 

а b 
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СИНТЕЗ ТА ЕЛЕКТРОФІЗИЧНІ ВЛАСТИВОСТІ 

ФТОРИДПРОВІДНИХ ФАЗ Вa1-xLaXSnF4+x 
 
Анотація. Встановлено, що концентраційний інтервал 

існування твердих розчинів гетеровалентного заміщення  
Вa1-xLaxSnF4+x, утворених за часткової заміни катіонів барію 
катіонами лантану в сполуці BaSnF4, становить 0,0<х≤0,12. 
Утворені фази ізоструктурні  BaSnF4 мають кристалічну ґратку 
тетрагональної сингонії, яка відповідає просторовій групі 
P4/nmm. Зміна значень електропровідності й енергії її активації є 
екстремальною з максимумом для складу із вмістом катіонів 
лантану 0,07 м.ч. і становить 3,08∙10–3 См/см за 623 K і  
5,69∙10–4 См/см за 293 K. Вікно електрохімічної стійкості 
синтезованих фаз оцінюється інтервалом потенціалів –1,7 ÷ +1,7 В.  
 

Ключові слова: синтез, фторидпровідні фази, тверді роз-
чини заміщення, фториди стануму, барію, лантану, електропро-
відність, імпедансна спектроскопія, циклічна вольтамперометрія. 

 


