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lonic conductivity of cold pressed nanoceramics Pr, ¢Pb, F, ¢ obtained
by mechanosynthesis of components
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The impedance spectroscopy in the temperature range 302—779K was used to study the ionic conductivity
of the ProoPbgF29 nanoceramics, obtained by cold pressing of the powder, mechanically synthesized from
components of PbF, and PrF;. The studied material is the solid solution with tysonite-type structure (sp.gr
P3cl, Z=6) and lattice parameters a = 7.0906(4) and ¢ = 7.2538(4) A. With increasing temperature, the
conductivity of the ceramic increases from 1.9-107° to 6.7-107%S/cm, and the activation enthalpy of ion
transport AH; = 0.407 = 0.005 and 0.345 £ 0.005¢eV at 302—502 and 502—779K, respectively. The electrical
conductivity mechanism is due to the migration of fluorine vacancies along the boundaries of nanocrystalline
grains. The intragranular conductivity of ceramics is close to the electrical conductivity of a single crystal of the
same composition. Cold pressed ceramics ProoPbgF,9 can be used as a promising solid electrolyte in ,room"

fluorine-ion current sources.
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1. Introduction

In condensed systems MF,—RF; (M = Ca, Sr, Ba, Cd,
Pb and R=La—Lu,Y) wide regions of crystal phases
are formed R;_yMyFs;_y with a tysonite structure (type
LaF3) and a variable number of ions in the unit cell [1-5].
Nonstoichiometric phases R;_yMyF3;_y are anion-deficient
heterovalent solid solutions and have high fluorine-ion
electrical conductivity [6-10].

The value of the ionic conductivity of the tysonite
phase Rj_yMyF3_y of the same chemical composition
(R, M,y) strongly depends on the technological form,
methods and conditions of synthesis [11].  Fluorine-
conducting electrolytes R;_yMyF;_y are obtained as sin-
gle crystals (from a melt by directed crystallization me-
thods [12,13]), microceramics with grain size 1—10um
(solid-phase synthesis with high-temperature annealing, hot
pressing [14-16]) and nanoceramics with a grain size of
10—100nm (mechanosynthesis, mechanical dispersion, co-
precipitation from aqueous solutions, solution-melt crystal-
lization [17-20]).

The ionic conductivity of tysonite solid solutions
Ri_yMyF3_y, M = Ca, Sr, Ba has been studied in detail,
while solid solutions with M = Pb, Cd have been investi-
gated to a lesser extent. Synthesis of tysonite phases with
PbF; is a more complex process than with difluorides of al-
kaline earth elements (Ca, Sr, Ba). In the work [1,6] provides
information on obtaining and studying the radiographic and
electrophysical properties of tysonite phases Ri_yPbyF;_y
with R = Pr,Nd obtained by the directional crystallization
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from the melt. The growth of crystals Pri_yPbyF3_y
(0<y <0.09) from the melt is hampered by a large
difference in the melting temperatures of PrF; (1677K)
and PbF; (1099 K) and high volatility of lead difluoride.

Recently, studies of the ionic conductivity of
tysonite phases R;_yMyF3_y in nanocrystalline form
have attracted close attention. = Nanoceramic materials
Ri_yMyF3_y (especially La;_yBayF3_y) are widely used in
fluorine-ion sources new generation current [21-24].
The results obtained showed that nanoceramics
Ri_yMyFs;_y [18,19,21-27] have rather low values of
,foom* ionic conductivity (1078—~107°S/cm) and require
high-temperature annealing to increase it. A significant
factor affecting the anionic conductivity of nanoceramic
samples R;_yMyF;_y is the migration of fluorine vacancies
at the boundaries of nanocrystalline grains [28-30).

The possibility of obtaining nanoscale particles
Lag gsPbg.15F2.85 by mechanosynthesis is shown in [31].
There is no information in the scientific literature about the
purposeful production and study of other lead-containing
tysonite nanoceramics.

The aim of the work is the preparation by mechanosyn-
thesis followed by cold pressing of a nanoceramic solid
electrolyte Pri_yPbyF;_y and measurement of its ionic
conductivity.

2. Experiment

Commercial reagents PbF, (purity 99.995% Sigma-
Aldrich) and PrFs; (purity 99.99% Lanhit) were used as
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initial components. For purification from oxygen-containing
impurities, powdered reagents were previously dried in
vacuum and melted in an atmosphere He + CF4.

For mechanical grinding, a high-energy planetary ball mill
Retsch PM-200 was used (the volume of the grinding cup
is 50 cm?, 13 steel balls with a diameter of 10 mm, the ratio
of the mass of the balls to the mass of the substance 17:1),
inert atmosphere Ar (99.9995%). The rotation speed was
600 rpm, the grinding energy intensity ~ 0.2 W/g.

Mechanical melting of a solid solution Pri_yPbyF;_y
from a mixture of components PrFs: PbF; in the ratio 9:1
was conducted during 12h. Details of the technique of
obtaining fluoride solid solutions by mechanosynthesis are
described in [27,32,33].

Cold pressed ceramics Pri_yPbyF;_y are prepared at
room temperature on a Carl Zeiss manual press. Pressing
was carried out at a static pressure of 600 MPa for 10 min.
Weighing cylindrical samples and calculating their volume
from geometric dimensions showed that the density of cold-
pressed ceramics is 80—85% of the X-ray density of the
solid solution ProoPbgF29 [1]. In [34] it is indicated
that the agglomeration of nanoparticles in a powder sample
leads to a low density of cold-pressed ceramics of tysonite
Lag.95Bag o5F2.95.

Registration of diffraction patterns of mechanosynthesis
products was carried out using a powder X-ray diffractome-
ter Rigaku MiniFlex-600 in the angle range 260 = 10—100°,
radiation CuK, (40kV, 15mA, NiKﬁ-ﬁlter). X-ray diffration
(XRD) analysis for the search and identification of crystal
phases present in the samples was performed in the PXDRL
(Rigaku) program using the ICDD PDF-2 database (2017).
The calculation of the parameters of the elementary cells of
the tysonite phase within the framework of sp. gr. P3c1 was
carried out by the method of full-profile analysis of Le Bail
using the software Jana-2006.

The sample for electrophysical measurements was a cylin-
der with a thickness of 1.65mm and a diameter of 3 mm.
Inert electrodes (silver paste Leitsilber) were applied to the
end surfaces of the sample. Static dc-electrical conductivity
Ocer Of the ceramic sample was measured by impedance
spectroscopy in the temperature range 302—779K in the
cooling mode. Temperature measurements ocer (T) were
carried out on stabilized (stabilization time 15—30min)
points in increments of ~ 25K. Impedance measurements
Z*(w) electrochemical cells Ag— ceramics — Ag were per-
formed in the frequency ranges 5—5-10°Hz and resis-
tances 1—107 Q (Tesla Impedance meter BM—507), in
vacuum ~ 1Pa. For comparison, impedance measurements
of cold-pressed ceramics of the tysonite component PrF;
were also carried out. The description of the experimental
setup and the method of electrophysical measurements are
given in [35]. Relative measurement error Z*(w) was 5%.

Impedance measurements allow us to reliably determine
the bulk resistance Ry of ceramics by the intersection of the
impedance hodographs Z*(w) for electrochemical cells with
an active resistance axis. The values of dc-conductivities

were determined by the formula
Ocer = h/SRb, (1)

where h is the thickness of the sample and S is the area of
the electrode.

The presence in the impedance spectra of the blocking
effect from inert (silver) electrodes at low frequencies
indicates the ionic nature of the electrical transfer in the
studied ceramics. The ion transport in a solid solution of
Pr;_yPbyF;_y of highly charged (Pb*", Pr**) cations is
unlikely, therefore ionic conductivity is due to ions F~. This
is directly indicated by the results of the F'* NMR study of
tysonite crystals Ri_yMyF3_y (R=La, Ce, Nd; M = Ca,
Sr, Ba, Cd) [19,36-38], in which high ion diffusion was
detected F~.

3. Discussion of results

According to the XRD results, the lattice parameters of
the initial components are a = 5.939(4) A for PbF, (type of
fluorite, sp.gr. Fm3m) and a = 7.0769(4), ¢ = 7.2378(5) A
for PrF; (type of tysonite, sp.gr. P3c1). Mechanosynthesis
was carried out in two modes, duration 7 =1 and 12h
with composition control. Fig. 1 shows diffractograms
of the initial components (/) and (2) and the products
of mechanosynthesis with a duration of 7 = 1h (3) and
12h (4). The XRD analysis showed that during 1h
the synthesis has completely passed, one tysonite phase
Pri_yPbyF3_y is fixed with the parameters of the unit
cell a = 7.0948(3) and ¢ = 7.2522(3) A. Admixture of the
initial components within the accuracy of the method is not
observed.

The average size of the coherent scattering regions (OCD)
of X-rays was estimated from the width of diffraction
reflexes, which, in the first approximation, corresponds
to the average size of crystalline particles. Calculations
were carried out according to the formula of Selyakov—
Scherrer [33]:

Bs = K1/B cos®, (2)

where K — coefficient for grain shape accounting
(K = 0.94 for spherical particles), 2 — radiation wavelength
(in our case Acyke = 0.154nm), & — the Bragg angle
for the diffraction peak, B — the observed width of
the diffraction peak at half the height (in radians). The
instrumental component of the broadening was neglected in
the evaluation. The resulting OCD size is 13 & 3 nm.

As a result of continued grinding to 7 = 12h lat-
tice parameters change slightly: a=7.0906(4) and
c = 7.2538(4) A, diffraction lines widen, reflexes (022) and
(121) responsible for belonging to sp.gr. P3cl, practically
merge with the background. Estimation of the size of OCD
by the formula (2) gives a value of 7 + 3 nm.

Thus, the duration of mechanical synthesis 7 = 1h is
quite sufficient to obtain a solid solution of Pry9Pbg F29
with lattice parameters close to the parameters of a saturated
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Figure 1.

Diffractograms of initial components and solid solution: 7 — PbF, (sp.grF m3_m), 2 — PrFs; (sp.gr

P3cl),

3 and 4 — ProoPbg.1F29 (sp.gr. P3cl), obtained by mechanosynthesis with a duration of 7 = 1 and 12h, respectively.

solid solution according to [1], where the solubility limit of
PbF, in PrF; is defined as 9 + 2 mol.%.

The sample for electrophysical measurements was com-
pressed from a nanopowder obtained by mechanosynthesis
with a duration of 7 = 12h with a smaller value of OCD.
Figure 2 shows the impedance hodograph Z*(w) electro-
chemical cell with ceramics PrgoPbgF29 cold pressing
and Ag electrodes at 302K. It is possible to separate
the contributions to the total resistance R, from the
resistance of the grain volume Rig and the resistance
of the grain contacts Rgp. Here Rcer = Rig+ Rgp is
total resistance of the ceramic sample, Rjg is intragrain
(interior grain) resistance, Ryp, is intergrain (grain boundary)
resistance. The conductivity values of ocer, 0ig and ogp are
1.9-1073,2.3-10* and 2.0 - 10> S/cm, respectively. The
intragrain conductivity of oijg nanoceramics PrgoPbg 1F> 9
does not differ much from the electrical conductivity
(4.5-107*S/em [39,40]) of a single crystal PrgoSro 1F2o.
It can be seen that the main contribution to the ionic
conductivity of the sample is made by the intergranular
resistance of Ry, nanoceramics.

Fig. 3 shows the temperature dependence of the ionic
conductivity of cold-pressed ceramics PryoPbg 1F29 in the
temperature range 302—779K in cooling mode. The
increase in the electrical conductivity from 302 to 779K
is 3.5 10° times. The conductometric data was processed
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Figure 2. Impedance hodograph Z*(w) for the
system  Ag—ceramics—Ag at 302K. Nanocrystalline

powder ProoPboiF,9 prepared by mechanical synthesis
(Ry=1.25-10°Q, Rg=1-10Q). The numbers at the
dots indicate the frequency in kHz.

in compliance with the Arrhenius—Frenkel equation
Ocer T = 09 exp(—AH, /KT), (3)

where oy is the pre-exponential factor of electrical conduc-
tivity and AH, is the enthalpy of ion transfer activation. On
the dependency ocer (T) ProoPbg1F29 a bend is observed
at 502K, which is a characteristic feature for tysonite
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Table 1. Crystal lattice parameters (a, €), the average size of crystal grains (Bs) and the parameters of the Arrhenius—Frenkel equation
for nanoceramics Pro.oPbo.1F2.9, PrF3 and Lag9Bag.1F29

fluorides.

Composition a, ¢, Bs, nm 0y, SK/cm AH, Ocer, S/cm
Pro.oPby.1Fa9 a = 0.70906 8.99 . 10° 0.345 (502—779K) 6.0-1073
c =0.72538 3.67 - 10* 0.407 (302—502K) (500K)
Bs=7
PrFs a=0.70769 1.76 - 10? 0.396 (551-798K) 3.6-107°
c =0.72378 (500K)
LaolgBaolle.g [18] a=0.722 3.54 - 105 0.55 (293—473 K) 1.0- 1073
c=0.739 (473K)
Bs — 13
Lag.9Bag.1F2.9 [26] Bs = 10-20 0.54 (293—473K) 2.4.107*
(473K)

Parameters of the Frenkel-Arrhenius equation
for nanoceramics PrgoPbgF29, PrF; (real work) and

Table 2. Composition, method of preparation and ionic
conductivity of tysonite ceramics with cold pressing of reaction
products in systems RF;—MF, (R = Pr,La; M = Pb, Sn, Sr, Ba)

LagoBag 1F29 (literature data) are given in Table 1.

The value ocer at 773 K for nanoceramics PrgoPbg 1F2 9
in comparison with PrF3 exceeds by a factor of 110. The
obtained values of the enthalpy of activation of ionic con-
ductivity for ceramics PrgoPbg 1F29 and PrF; correspond
to the migration energies of fluorine vacancies in tysonite
structures R_yMyF3_y [14,15,39-41].

and fluorite ceramics in the PbF,—CdF,
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Temperature dependence of ionic conductiv-

—  ProgPbo.1F2y,

Solid Method
solution synthesis T, K | ocer, Sfem | Reference
Pro.oPbg. 1 Fa0 MS 302 | 1.9-107° Real
study
Prolgsgpbo.szz.gsg DC 296 7.3 1075 [6}
Pro.832Pbo.118F2.882 3.1-107°
Pro.95Sr0.05F2.95 MD 293 5.1077 [42]
Lag.gsPbg,15F2.85 MS 298 | 2.4-107 [31]
Lag.sSng 2F2 5 MS 293 | 3.2-107% [43]
Lag sCag2Fag MS 298 1-10°¢ [27]
Lag.95Sr0.05F2.95 MD 293 5- 1076 [17]
LaolgsBaolostgs MS 293 2- 1077 [18]
LaolgBao‘leg MS 293 1- 1077 [26]
293 | 4.2-1077 [18]
350 7-1077 [19]
Pbg 67Cdo 33F2 MS 297 | 2.4-107° [32]
MD 297 | 5.1-107°

Note. MS — mechanical synthesis, MD — mechanical dispersion, DC —
directional crystallization.

Table 2 compares the ionic conductivity of tysonite ce-
ramics obtained by cold pressing of reaction products in the
systems RF;—MF, (R =Pr, La; M = Pb, Sn, Sr, Ba) and
PbF,—CdF,. It can be seen that the high conductometric
characteristics of cold-pressed ceramics are PrgoPbg 1F29
allow us to consider it as a promising fluoroconducting solid
electrolyte with a tysonite structure for use in fluorine-ion
current sources.
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4. Conclusion

Using the example of a highly conductive ceramic elec-
trolyte Pri_yPbyF;_y, a promising technique for producing
lead-containing tysonite solid electrolytes is proposed, which
uses a solid solution in the form of a nanopowder ob-
tained by mechanosynthesis of PrF; and PbF, components.
The product of mechanosynthesis is a solid solution of
ProoPbg 1F29 with a tysonite structure. To complete the
process of mechanosynthesis, the grinding duration 7 = 1h
is sufficient.

The ionic conductivity of cold-pressed ceramics was mea-
sured PrgoPbg1F29 in the temperature range 302—779 K.
,Room* ionic conductivity is 1.9 - 1073 S/cm at 302 K. High
conductometric characteristics of cold pressed ceramics
Prg 9Pbyg.1F2.9 allow us to consider it as a promising fluorine-
ion coductive solid electrolyte with a tysonite structure for
low-temperature studies.
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