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ABSTRACT

O.V.Lysenkgg Synt hesi s and el ectrochemical
conductivity based on BaSpfnd heterophase compositions for fluofide power
s 0 u r icQualifying scientific work submitted as a manuscript.

Dissertation for the degree of DoctorRifilosophy in the specialty 102 Chemistry
(Natural Sciences). V.l. Vernadsky Institute of General and Inorganic Chemistithe
National Academy of Sciences of Ukraine, Kyiv, 2025.

This qualifying scientific work is aimed at solving the urgent tasksnoflern
science and technology, including the development of-gemération electrochemical
power sources. A promising approach is the creation of heterophase ficondiecting
systems in which the fluorine anion ensures charge transfer between thedelecand
the formation of metal fluorides of varying degrees of oxidati@hich generates an
electromotive force. Theoretically, such systems can provide electric current sources wit
high specific capacity and energy density comparable to lithiumbatteries, but with
improved operational safety and lower production ééstenthe limited natural reserves
of lithium and the growing demand for sources of electrical energy for various purposes
the development and creation of alternative current ssuis an urgent not only
scientific, but also applied task.

The work carried out is devoted to the search and synthesis of fhoomdieicting
phases with improved conductive properties suitable for the creation of new curren
sources, to the study of etemchemical properties of heterophase compositions for use
as electrode and electrolyte materials. The paper presents the results of research on
synthesis of fluorideonducting phases by partial substitution of'Beith La®*, Y3*, and
Bi3* cations in BaSnfFand Ba,Sn.yF, structures, their electrochemical propertasd
the properties of some heterophase compositions that can be used in-flopdsver
sources as electrode/electrolyte materials.

The purpose of this qualification workto develop methods féine synthesis and
modification of fluoride conductive materials based on Ba@nH to elucidate the effect

of cationic doping on their structural and electrically conductive properties, as well as tc



study electrochemicaprocesses in heterophase compositions of flueadepower
sources

To achieve the set goal, it was necessary to perform the following main tasks:

TAnalyze literature data on fluorieonducting materials of the BaSnfype and
determine promising direicins for their modification to increase ionic conductivity and
electrochemical stability. To characterize the electrochemical processes occurring in suc
systems.

1Pevelop an energgfficient method of synthesis of fluorid®nducting materials
based orBaSnFk with controlled structural characteristics.

Pynthesize polycrystalline samples of r&inichiometric fluorideconducting phases
of the composition of Bg.xLaxSmn+Fa+x and BaxYxSnk.y, determine the limits of the
existence of solid solutionsnd investigate the effect of cationic substitution on the
crystal structure, parameters of crystal lattieesl electrical conductivity.

jDetermine the electrochemical stability window and temperature dependence o
fluoride-ion conductivity of syntheged samplesand establish the nature of charge
carriers.

HEstimate the electronic component of conductivity and determine the transfer number
of fluoride ions according to the HeblWagner method.

o compose heterophase compositions of fluelagebateries and investigate their
electrochemical behavior.

71 0 justify the possibility of practical use of synthesized fluogdaducting materials
and compositions in fluoriden power sources of a new type.

Thefirst chapteprovides a detailed analysikthe current state of research devoted

to electrochemical systems and prospects for the development of fhmrigmwer
sources. Theoretical aspects, structure, principles of functioniagd features of
processes occurring in solid multilayer systemselectrical energy accumulation are
considered. Considerable attention is paid to fluecoieducting electrolytes as a key
component of fluorideon batteries: information on their classification, structural types
(fluorite, tisonite, PbSnftype), ion transfer mechanisms, the influence of defects and

cationic environment on conductivity, as well as the role of stereoactive lone pair of



electrons. Data on the conductivity and stability of known materials are systemaided,
the main methods of thesynthesis and approaches to the modification of the crystal
lattice in order to increase ionic conductivity are characterized. On the basis of the
conducted review, a scientific problem was formulated, the purpose was determined, ar
the main tasks of theesearch were outlined.

The second chaptepresents in detail the characteristics of the starting reagents

used in the work, describes the applied experimental research methddsnalytical
approaches. Particular attention is paid to the methods diiesyatof samples of the
studied phases, including the conditions of reactions, heat treatment parameters al
features of control of the composition and structure of the obtained materials.

In the third chapterof the dissertation, original approaches te #ynthesis and

research of the following fluorideonducting phases are consideredi BaxSnk.«,
BayxYxSnkx, Bay.goxLaxSmni.ioFa00x, BaogsxLaxSni.id4.00x, Bao.goxlaxSm.oF00x. A
two-stage method of synthesis of the specified phasdsdessdeveloped, which ensures
a reduction in the specific consumption of energy and reagents compared to know
methods of soligphase synthesis from individual fluorides of barium, lanthanum, yttrium
and tin, which are characterized by a large differenaaelting points. By the methods
of X-ray phase analysis and calculation of the volumes of elementary cells of precursor
obtained at the first stage by the coprecipitation method, it was established that th
obtained phases Bd.aF».«, BawxYxF2:+x are sostructural Baf Their crystal lattice
corresponds to cubic syngonia, the region of existence of solid substitution solutions i
within 0 x00.12 and 0 x00.10, respecti\
alcoholic solutions on the quality dfé obtained solid solutions and the completeness of
co-precipitation was revealed, which was confirmed by the resultsrafy>phase and
chemical analysis, and the dependence of the change in the volume of elementary ce
on the amount of the substituent.

The conditions of twestage synthesis of the studied fluorEnducting phases of
Baw.xLaxSnF.x phases, the influence of temperature and duration of synthesis are given
The influence of the pressure used in the manufacture of samples before measurir

electrical conductivity on the amount of conductivity was demonstrated, and the optima



pressure fopressing the studied samples was given. Experimental results demonstratin
the influence of the amount of substituent on the ionic conductivity and the activation
energy of the ionic conductivity of the synthesized phases are presented.

The contributionof electronic conductivity to the total conductivity of the
synthesized phases was found to be negligible; the transfer numbers of fluoride ions a
close to unity, indicating unipolar ionic conductivity.

The conductivity of BaSnHs shown to increaselven a portion of barium and/or
tin cations are replaced by lanthanum or yttrium cations, and when th@&RBHatio is
increased. The nestoichiometric phases of Bg@m.,Fs (0<y(.20) have higher
conductivity when compared to BaSnF

Singlephasesolid solutions of Bad xF..x were synthesizenh the concentration
range 0f0.30CR(0.43.

It was found that sintering of the obtained phases withdifluoride at a
temperature of 773 K for 30 minutes in an argon atmosphere is accompanied by a redc
reaction, as a result of which barium hexafluorostanate and bismuth are formed.

The fourth chapteiof the dissertation contains a description of approaches to the

design of mockup samples of fluoridéon batteries, selection of redox pairs for
electrodes.The justification of the possibility of using transition metal fluorides of
various oxidation states as electrode materials of FIB is given, the electromotive force
and specific capacity of some Red/Ox pairs promising for use are evaluated. Layou
samplesof fluoride-ion batteries (FIB) using metal anodes were studied. It was
established that electrochemical processes in such systems proceed irreversibly. Tl
results of studies of moekp samples of fluoriden batteries (FIBs) with redox electrode
pairs MNjF M NjNpF example, SmifPyasl @sSnidFi0MnF,, are presented. The
method of cyclic voltammetry demonstrated the quesgersibility of Red/Ox processes

in such systems and the possibility of generating electrical energy. Highly conductive
isostructural phases of PbSnere used as an electrolyte in these studies. The results of
studies of the electrochemical stability window of synthesized fluaxahelucting
phasesandtheir behavior during cyclingre presented. It was established thatlimits

of the experimentally determined values of the electrochemical stability window of the



synthesized samples of fluoridenducting phases, isostructural PbSndie in the
intervalil . 85N0. 05 & +2.00NO. 05 V, aaoatonswitre r
cations of heterovalent substituents’,(ld**, B&*) does not significantly affect this
characteristic.

It was noted that during the cycling of fluortdenducting phases based on lead
and steady state in a potential interval wider than the electrochemical stability window
signals that can be associated with the formation of fluorides @nd tin of higler
oxidation states are recorded on voltamplograms.

Thefifth chapteris devoted to the generalization of experimental results and the
determination of prospects for further development of research in the field of solid
fluoride conductive materials. The main scientific provisions and conclusions regarding
the regularitie®f the formation, structure and conductivity of phases of the M&pE
are formulated.

Further areas of research related to the expansioni@rBB& systems due to the
introduction of other isoand heterovalent cations, as well as to the improvement of
synthesis methods and stabilization of the electrbglextrode interfaceare outlined.

The prospects of using fluoride materials of isostructural Bafnsolid-state fluoride

ion batteries are shown. This section defines the scientific novelty and practical value o
the obtained results, outlines directions for further research to create effective, stable ar
environmentally safe fluoride ion systemsitwiigh specific energy characteristics.

Scientific_novelty of the obtained result8Vhen performing this work, the

following scientific results were obtained for the first time:

- New highly conductive solid fluoride conductive phases have been synthesizec
according to a specially developedstage synthesis techniquBayxLaxSnk.x
( 0 <XAZPO0 BaxY SnFhux ( 0 <XONO0 BasoxlaxSnioFsoox ( 0 < ®APO
BaogsxLaxSn.14F400x ( O < )d-zﬁ BavsoxLaxSn20Fa00x( 0 < )12)0

- It was found that thpartial substitution of B4 cations with L&", Y3* cations in the

complex fluoride BaSnfcontributes to an increase in electrical conductivity. The

composition phases BaY 0.16SnF.10andBageslaoe:Snko7 (Us 5 351 . 5 3 &0

andls 5 359 . 0 ? &ldndespectively), have the highest conductivity, which at a



given temperature is almost 2 orders of magnitude higher than the conductivity of the
original BaSnk.

It was established that heterovalent doping witR*L¥3" cations of the BaSnF
compound provides a decrease in the activation energy of ionic conductivity to a
greater extent, the higher the concentration of the substituent. The revealed regulari
Is inherent in all synthesized samples of fluomd@ducting phases;

It is found thathe substitution of a portion of barium cations witf*laations in the
nonstoichiometric  phases BapgoSni10F400, Ba&ogsSM14Fa00,  B&o.soSMi20F4.00
contributes to increase the electrical conductivity. The phases of the following
composition havehe best conductivity at room temperature compared to the initial

phases:

Co

1 Barslagi2SniiFa1z ( 2 6 1#19cn), compared toBaggeSn.10F400

0 9 42°8/6m);

1 Bag74Lao12Sn 14F412
( ad 52 IB3B/om;

Co

=.9 12:31%cn), compared to BasSn14F400

Co

1 Baozolao10SM.20Fa10 ( 4 3 1#1SJcn), compared toBaogoSm:20Fa.00

( 0 =9 BB/Om);
An energyefficient two-stage method of synthesis of fluoridenducting materials
based on BaSnfas been developed, which ensures the production ofguiglity
samples at lower temperatures and ensures a reduction in the duration of synthesis
Determined, the optimal sample pressing pressure for the lBd&E-SnF, system
which is 9.8 MPa for cylindcal samples with a diameter of 8 mm.,
Samples of all synthesized phases have been shown to have unipolar ioni
conductivity provided by fluoride anions. The determined transfer numbers by
fluoride anions are close to unity.
An evaluation of the real electrochemical stability window of the fluecimieducting
phases of the compositioRbM\Snk fx( [ = K, N dvas exerinentally

performed, which for the synthesized fluokdenducting phases i§1.8 5 0G &
+2.0 0 0BV ard is practically independent of the content of the substituent.



Practical significance of the obtained resoltshe dissertation work. Techniques

for the synthesis of fluorideonducting phases of isostructural BaGimfave been
developed, in which part of barium cations is replaced by lanthanum and yttrium cations
and the concentration intervals of the existence of solid solutions have been determine
Parameters of new fluorid@nducting phases were obtained ancgtgated. Patterns
affecting the conductivity of the obtained phases depending on the composition, synthes
conditions and electrical conductivity studies were revealed. Theesle&lochemical
stability window limits for the nonstoichiometric fluorideconducting phases of the
PbSnEk structure were evaluated. Information on the electrochemical behavior of
fluoride-conducting phases based on fluorides of lead, barium, and tin has beer
accumulated and summarized. The obtained results can be usefuhmatigement of
new electrochemical devices in which solid fluormenducting phases are used.
The obtained data on the dependence of the conductivity of the synthesized phas
on their composition and temperature have independent practical value aredusatb
as a reference material for further research and development of fluoride electrolytes.
Key words fluoride-conducting phases, complex fluorides of tin, lead and barium,
heterovalent substitution, electrical conductivity, charge transfer, cycliamwoietry,

electrochemical stability window.
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Pb(NG), n LY. >99,00%

La,Os n . Y- >99,00%
Y(NO3)slb6 12f n. Y. >99,00%

Snk YH.O . (09,00%
Ba(NG;), n . Y- 99,9%%

HF n . Y. >99,00%

HNO; n . Y- >65,00%

] HtOL gt n. Y. 99,8%

NH4F . . >99,00%
NiCl,L 6.6 Y. H. O. (09,00%
NiCOsLl6H,0 Y. H. O. 099, 00 %
s F Y. H. O. 099, 0 %.
NaOH Y. H. O. 099, 0 %.
1401 . 085, 0
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