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The article is devoted to the study of the effect of replacing Ba?' ions with Y3 in the
BaSnF, structure on the conductive properties of Ba,_ ,Y,SnF,,, solid solutions obtained for
the first time. The synthesis was carried out in 2 stages. First, solid solutions Ba,_,Y,SnF,,,
(0.01 < x < 0.15) isostructural with BaF, (cubic modification) were synthesized by the copre-
cipitation method. At the next stage, solid solutions Ba,_,Y,SnF,, (x =0.03, 0.05, 0.10)
isostructural with BaSnF, were prepared by the sintering process. It was established that
an increase in the content of yttrium in the structure of the solid solution leads to an
increase in conductivity and a decrease in the activation energy of ionic conductivity. It
was found that the solid solution BagggYq 19SNF4 19 (0= 1.58-107% S/em at 353 K) is
characterized by the highest conductivity values among the obtained phases.

Keywords: fluoride-ion electrolytes, substitutional solid solutions, X-ray diffraction
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Ilposigni sBaacrusocri rTBepaux posumnis cucremu XYF,—(1-x)BaF,-SnF,.
P.M.ITwenuunuit, O.B.JIucenro, T.B.Ilagrenro, A.O.Onervuyr

CraTTio IPUCBSAYEHO NOCTIIMKEHHI0 BILINBY samimienms iomis Ba?" ma Y°' B crpyxrypi
BaSnF, ma mposigmi BnacTuBOCTI TBepAMX posumHiB Ba, ,Y,SnF,,,, mo omepixami Bmepie.
Cunres apiticaroBamm B 2 cragii. CmouaTKy MeTOZOM CYMICHOTO OCAKEHHS OIeP:KaHO TBep.mi
posunan Ba,_,Y,SnF,,, (0.01 < x < 0.15) izocrpyrTypHi BaF, xybiumoi momudikarii. Ha na-
CTYITHOMY €Talli MeTOJOM CILIaBJIeHHS OfepikaHo TBepAi posumuu Ba, ,Y,SnF,,, (x = 0,03; 0,05;
0,10) isoctpyrrypui BaSnF,. Beranosneno, 1o 36inbIneHHa BMICTy iTpito B cTPYKTYypPi TBepAoro
PO3UNHY IPU3BOIUTEL OO 30iNBINTeHHS NPOBigHOCTI Ta 3HIKEeHHA eHepril axTumBariii iommol mpo-
BigaocTi. BusABieHo, 1110 HAHBUIIMMU TOKASHUKAMU IPOBigHOCT cepen orpumManHux ¢as xapak-
TePU3YEThCA TBePAMM posumH Bag gqYq 10SnF, g (0 = 1.58-.1073 Cm/em mpu 353 K).
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1. Introduction

In recent years, studies of new solid elec-
trolytes with ionic conductivity have begun
to develop rather actively. These materials
are widely used in chemical current sources
with a high specific capacity, supercapaci-
tors, electrochemical sensors, ion-selective
electrodes, etc. [1-3]. Solid electrolytes
with fluoride-ion conductivity, based on
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barium and tin fluorides are promising mate-
rials that can be used in electrical devices for
various functional purposes [4, 5]. These salts
form stoichiometric compounds BaSnFy,
BaSn,Fg and solid solutions of the system
(BaF5),~(SnF5)4_, [6]. A feature of SnF, is the
presence of a stereoactive lone pair of elec-
trons (5s%) in SnZ*, which significantly af-
fects the distribution of fluorine anions and
their mobility in the anionic sublattice [7].

Functional materials, 30, 1, 2023
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BaSnF, crystallizes belong to the tetrago-
nal syngony with a layered structure, in
which layers BaBaSnSnBaBa... alternate par-
allel to the ¢ axis of the unit cell [8]. Due to
this arrangement of cations, mobile fluorine
anions in the solid electrolyte structure are
localized mainly between Ba-Sn and Sn-Sn.
Fluorine anions localized between the Ba—Ba
layers are practically immobile and are a
kind of a barrier for conductivity in the
polycrystalline material; therefore, the
movement of fluorine ions occurs due to a
jump into the space between Ba-Sn [9].
Therefore, the conductive properties of com-
pounds of this type should substantially de-
pend not only on defects in the crystal lat-
tice, but also on their location in the an-
ionic sublattice between cation layers.

To increase the disorder in the BaSnF4
structure, barium ions are replaced by
mono- and trivalent cations, resulting in
the formation of anion-deficient and anion-
excess solid solutions, which positively af-
fects the conductive properties of the non-
stoichiometric phases. The authors of [10,
11] showed that replacing Ba2* with Nd3*
and Eu3+ up to 0.08-0.04 mol increases the
conductivity of the formed solid solutions
due to the formation of interstitial fluorine
ions. A further increase in the content of
the substituents leads to a decrease in the
conductivity of the solid electrolyte.

In [6, 12, 18], the structure and conduc-
tive properties of solid solutions formed in
the BaF,-SnF, system were investigated. It
was established that the change in the ratio
between the starting substances affects the
electrical conductivity of the formed phases.
The Ba0_47Sn0_53F4_00 solid solution is char-
acterized by the highest electrical conduc-
tivity (o = 4.1.1073 S/cm at room tempera-
ture) and the lowest activation energy (E, =
17.9 kJ/mol) of the ionic conductivity [6].

In order to find new solid electrolytes
with fluoride ion conductivity that can be
used in electrochemical devices of various
functional purposes, the effect of replacing
Ba?* ions with Y3* in the BaSnF, structure
on the conductive properties of the formed
solid electrolytes was investigated.

2. Experimental

To obtain solid solutions in the system
xYF3—(1-x)BaF,—SnF,, the following chemi-
cals were wused: Ba(NO3z), (99.95 %),
Y(NO3)3-6H,O (99 %), SnFy (99 %) and
NH4F (99 %).
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The solid solutions in the xXYF3—(1-x)BaF—SnF,
system were synthesized in two stages [14].
At the first stage, solid solutions based on
barium fluoride Ba,_,Y,Fo., (x = 0.01; 0.03;
0.05; 0.07; 0.10; 0.15) were obtained by co-
precipitation. First, 0.1 M solutions of
Ba(NO3), with Y(NOsj); salts were prepared
by mixing in the appropriate ratio and stir-
ring for 10 minutes on a magnetic stirrer;
then the resulting mixture was added drop-
wise to the NH4F solution taken with a seven-
fold excess for complete co-precipitation of
yttrium and barium fluorides.

At the second stage, the resulting solid
solutions were fused with SnF,, taken in an
amount calculated to form Ba,_,Y,SnF .
solid solutions. The process was carried out
at a temperature of 773-823 K for 30—
60 min in an argon atmosphere to prevent
the formation of oxides and oxofluorides.
The higher the content of yttrium in the
Ba,_, Y, Fo.y solid solutions, the higher the
temperature of the process and its duration
necessary for the complete interaction of
the components of the reaction mixture.

X-ray diffraction analysis (XRD) of the
synthesized samples was performed on a
DRON-8M diffractometer using CuK, radia-
tion in the range of angles from 10 to
80 deg with a step of 0.04 deg and an expo-
sure of 38 s at each point. The JCPDS data-
base was used to identify the diffraction pat-
terns. The diffraction patterns were processed
using the Match and UnitCell programs.

The chemical composition of Ba,_,Y,SnF
solid solutions was determined using an SEO-
SEM Inspect S50-B scanning electron micro-
scope equipped with an AZtecOne energy-dis-
persive X-ray spectrometer with an X-MaxN20
detector (Oxford Instruments plc.). The meas-
urement error is up to 3 %.

The conductive properties of solid elec-
trolytes were studied by the alternating cur-
rent method in a two-electrode scheme using a
P5083 alternating current bridge. Pressed cylin-
drical polycrystalline samples with a diameter of
8.0 mm and a thickness of 2.0-3.0 mm were
used. The current leads to the samples were
polished platinum plates.

The temperature dependence of the elec-
trical conductivity of complex fluorides was
studied at a frequency of 70 kHz. After
thermostating the sample in the cooling
mode, measurements were made in an argon
environment in the range of 298 to 673 K.
The temperature measurement error is up to
1 %, and the electrical conductivity is up to
4 %.
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Fig. 1. Diffraction patterns (a) and unit cell volumes (b) of Ba,

The specific electrical conductivity was
calculated according to the equation:

oc=1/s R,

where [ is the thickness of the cylindrical
sample, s is the contact area, and R is the
active resistance.

The impedance was measured with an E7-30
broadband dielectric spectrometer with an
immitance meter (RLC). Pressed cylindrical
polyerystalline samples 8.0 mm in diameter
and 2.2 mm thick were placed between two
polished platinum electrodes in a sample cu-
vette, which was then heated to operating
temperature. After thermostating the sam-
ple in the cooling mode, measurements were
performed in the range of 25 Hz to 3 MHz
from room temperature to 478 K. The
measurement error is up to 3 %. The elec-
trochemical impedance spectrum of the solid
electrolyte was simulated using the EIS
Spectrum Analyzer software.

3. Results and discussion

The obtained solid solutions of the com-
position Bay_,Y,Fo,, have a cubic crystal
lattice (space group Fm3m) and are isos-
tructural with BaF, (JCPDS card No. 00-
004-0452) (Fig. 1a). The volume of the unit
cells of the synthesized fluorides monotoni-
cally decreases with an increase in the con-
tent of yttrium in the structure due to the
replacement of a larger Ba?* by smaller Y3*
ions. This change can be traced up to the
yttrium content of 0.07 mol (Fig. 1b). The
effective ionic radii of BaZ* and Y3* are
0.135 and 0.090 nm, respectively (for VI
coordination) [15]. Unit cell volumes de-
crease from 2.381 nm3 in BaF, to
2.359 nm3 in Bao_93Y0_07F2_07. A further in-
crease in the content of the substituent does
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not change the size of the unit cells of the
obtained solid solutions. This effect may be
due to the fact that starting from an yt-
trium content of 0.07 mol, a second BaF,
isostructural phase with a lattice period
shorter than in the main solid solution be-
gins to form (Fig. 1a). The formation of
this phase is observed on the diffraction
spectrum of the solid solution with an yt-
trium content of 0.15 mol; the duplet peaks
of the first four diffraction maxima of the
main phase are clearly visible, and the in-
tensity of the doublet maxima increases
with a corresponding decrease in the inten-
sity of the maxima of the main phase. This
means that the second phase is also a solid
solution, but with a higher content of yt-
trium. The crystal lattice of pure YF3 be-
longs to the orthorhombic syngony.

The solid solutions obtained at the sec-
ond stage of synthesis have a tetragonal
crystal lattice (P4/nmm) and are isostructu-
ral with BaSnF, (JCPDS card No. 00-038-
0738) (Fig. 2a). The maximum content of
yttrium in the obtained phases was
0.10 mol. A further increase in the concen-
tration of yttrium in the solid solution causes
the evaporation of tin fluoride, a change in
the ratio between the components in the sys-
tem, and the formation of impurity phases.

The calculated volumes of elementary
cells of Ba;_Y,SnFy, solid solutions de-
crease with increasing content of yttrium in
the obtained material (Fig. 2b). This de-
pendence can be satisfactorily approximated
by a straight line, which is confirmed by
the rules of crystallographic substitution.

According to the results of the energy
dispersive analysis of the synthesized solid
solutions, it was established that the ele-
mental composition of the obtained materi-
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Table 1. Elemental composition of Ba,_,Y,SnF,,, solid solutions

—X X
Calculated mixture composition EDX results after synthesis
The formula The element At., % At., % Composition, mole

BaSnF, Ba 16.66 16.49 0.99

Sn 16.67 16.84 1.01

F 66.67 66.67 4.00

Bag g7Y0.03SNF4 03 Ba 15.96 15.87 0.96
Y 0.50 0.03

Sn 16.50 16.69 1.01

F 67.04 66.94 4.05

Bag g5Y0.055NF4 05 Ba 15.76 15.87 0.96
Y 0.99 0.06

Sn 16.55 16.20 0.98

F 66.88 66.94 4.05

Bag g0Y0.10SNF4 10 Ba 14.70 14.77 0.91
Y 1.79 0.11

Sn 16.36 16.07 0.99

F 67.31 67.37 4.15

b)
o}
o
10 20 30 40 50 60 70 80 0 2 Y, mof% 10 12

20, deg.

Fig. 2. Diffraction patterns (a) and unit cell volumes (b) of Ba,_,Y,SnF,,, solid solutions.

als practically does not differ from the cal-
culated (Table 1). Minor deviations from the
formula composition observed in the analy-
sis results may be due to the evaporation of

SnF, and the error of the device.
Studies of the electrical conductivity of

the synthesized Ba,_,Y,SnF,., solid solu-
tions showed that it improves with an in-
crease in the amount of the substituent in
the stoichiometric BaSnF; compound
(Fig. 3). This effect may be due to replacing
the nodal positions of Ba2* ions with Y3*; as
a result, interstitial F~ ions are formed ac-
cording to the Kreger-Wink notation:

Functional materials, 30, 1, 2023

YF3(BaF,) — Yg, +Ff.

As a result, with an increase in the
amount of yttrium in the solid solution, the
number of mobile interstitial fluorine ani-
ons increases; thus, the conductive proper-
ties of the solid electrolyte are improved.
The best conductivity values are found for
the Bao_90Y0_1osnF4_10 phase, for which
0355 = 1.58:1073 S/cm.

The temperature dependences of the elec-
trical conductivity of the obtained materials
are satisfactorily approximated by the Ar-
rhenius-Frenkel equation:
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Table 2. Parameters of electrical conductivity of Ba,_,Y,SnF,,, solid solutions

X X
Sample AE,, eV lg(A), (S/cm)-K|sigmaBZZ sB, T, K
S/ecm
BaSnF, 300-430 0.23 1.12 1.80-10°° 353
430-623 0.39 3.04 6.96.104 573
Bag 97Y0.03SNnF4 03 300-420 0.11 0.36 1.46-104 353
420-623 0.32 2.74 1.54.10°3 573
Bag 95Y0.05SNF4 05 300-460 0.09 0.48 4.86-104 353
460-623 0.26 2.31 1.90-10°3 573
2.0 . O 200K
s @, 600 o
. AAAAA A o . 2010 :
3.0 V.V AAAM A
lo) x =0.05 400
Bas 000006 o o G
f, WWVV x=0.03 N
4.0 v -
45 q:hn
Op o =D CPE1
5.0 Og 0 LR,J
5.5
15 2.0 25 3.0 35 500 1000 z 0 1500 2000
1000/T, K ’
Fig. 4. Impedance spectra of a

Fig. 3. Temperature dependences of electrical
conductivity of Ba,_,Y,SnF,,, solid solutions.

oT =Aexp(—AEa/kT), (1)

where A is the pre-exponential factor, AE,
is the activation energy of ion conductivity,
k is the Boltzmann constant.

Fig. 3 shows that these dependencies are
characterized by the presence of two
straight sections with different angles of
inclination to the temperature axis. This in-
flection shifts towards higher temperatures
from 420 K (fOI' Ba0_97Y0_03SnF4_03) to
465 K (for Bao_90Y0_1osnF4_10) as the yt-
trium content in the obtained materials in-
creases. This effect can be associated with
structural changes in the solid electrolyte,
due to which, as a result of heating the
solid electrolyte, the amount of fluorine
anions in the interstitial spaces of the crys-
tal lattice increases [14, 16]. Fluoride ions
in the conducting phases with the structure
of fluorite and tysonite occupy three differ-
ent positions [6, 17], which differ from each
other in the cationic environment and the
length of the M-F bond. At a certain tem-
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Bag g0Y0.10SNF4 19 solid solution at various

temperatures.

perature, locally mobile fluoride anions ac-
quire enough energy to overcome the energy
barrier and move into the interstitial space.
With a further increase in temperature, the con-
centration of charge carriers practically does not
change, but only their mobility increases.

The calculated value of the activation en-
ergy of the ionic conductivity of the ob-
tained fluoride phases is lower than the cor-
responding value of the original compound
BaSnF, in the entire temperature range
studied (Table 2); this may be due to the in-
fluence of the heterovalent substituent on the
structure of the solid electrolyte. A gradual
decrease in the activation energy from 0.32 eV
(for Ba0_97Y0_03SnF4_03) to 0.20 eV (for
Bao_90Y0_1osnF4_10) is observed in the high-tem-
perature region with an increase in the amount
of the substituent in the solid solution.

Figure 4 shows the AC impedance spectra
of the received electrolyte at different tem-
peratures. The impedance spectra of the
Bao_90Y0_1osnF4_10 solid solution in the
Nyquist coordinates are characterized by a
depressed semicircular arc (Fig. 4), which is

Functional materials, 30, 1, 2023
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satisfactorily described by an equivalent cir-
cuit in which the volume resistivity R and
the constant phase element (CPE) are con-
nected in parallel [18]. The absence of the
second high-frequency semicircle on the
complex impedance plane indicates the ab-
sence of a contribution of surface conduc-
tivity to the overall conductivity of poly-
crystalline samples. For the
Bao_90Y0_1osnF4_10 pellet, the impedance de-
creases with increasing temperature, which
means enhanced ionic conductivity.

4. Conclusions

It has been established that up to
0.07 mol of barium ions can be replaced by
yttrium in the BaF, structure by precipita-
tion from aqueous solutions. As a result,
solid solutions with a cubic structure of
barium fluoride with a shorter lattice pe-
riod are formed.

The alloying of Bas_,Y,Fo., solid solutions
with tin (II) fluoride, results in non-
stoichiometric fluoride phases Ba;_,Y,SnF
(x = 0.03, 0.05, 0.10) with an isostructural
BaSnF, tetragonal crystal lattice. These
solid solutions are characterized by smaller
crystal lattice parameters and the presence of
mobile interstitial fluorine ions, which have a
positive effect on the ionic conductivity.

It was established that with an increase in
the amount of yttrium in the Ba,_Y,SnF .,
solid solution, the fluoride ion conductivity
increases. Thus, the Bao_90Y0_1osnF4_10 phase
has the best conducting properties, for
which o _ 1‘53_10_3 S/cm at 353 K.

Calculations of the conduction activation
energy showed that the greater the amount
of the substituent in the solid solution, the

Functional materials, 30, 1, 2023

lower the values of the conduction activa-
tion energy of the corresponding phases in
the entire temperature range studied.
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