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Introduction

Motivation of the dissertation. Li" ion and oxygen vacancy (V') solid

electrolytes (SE) were fabricated and investigated in this work. Lithium-ion SE can be
used in all-solid-state lithium batteries or CO, gas sensors. In order to increase the
efficiency of these devices new SE with possibly higher ionic conductivity and lower
their activation energy are in quest. One way to achieve this objective is to modify
LiM,"V(PO,); or LisM,"(PO,);-type lithium SE fully or partially substituting three
valence M"" or four valence M'" element by other elements. Thus the quantity and
mobility of mobile lithium ions is changed in the material. Unfortunately, the advance
prediction of ionic conductivity and its activation energy of a new compound is
practically impossible, therefore one of the aims of this thesis was the search for new
lithium SE. To reach this aim new SE were made, these were Li;Ce,(PO,4); (can also be
written as LiCe,;3P0y), LiCey(POy4); (otherwise Lij;3Ce,3P04), LizScy;Cer7(POy)s,
Li3Sc, (Bi(POy4); (where x=0-2), LijGey 5 TiyAl(POy)s, LijZry 5 Ti Al (POy)s,
Li;ScZr, (POy); (where x=0.1, 0.2, 0.3), Li0Sci§Y.1Z191(POy)s,
Liy8Sci7Y0.1Z192(POy4)s;, LizoScioZrg(POy);. High values of conductivity of
Li;3Lag;3Ti; 7(POy4); and LisyLa,y; ,TiO; (x =0.11) compounds stimulated their further

investigation in high electrical field’s frequency range.
V5 SE are used in solid oxide fuel cells (SOFC). Usually SOFC consist of four

functional parts: anode, SE membrane, cathode, and interconnect. SOFC ceramic
membrane should have the following features: high density, low electronic conductivity

component, and possibly higher conductivity caused by oxygen vacancies’ transport.
Zr0,-8 mol% Y,0; (yttria stabilized zirconia — YSZ) V7' SE meets these criteria the

best. In order to reduce the working temperature of SOFC to 900 K the thickness of the
membrane should be reduced. ZrO,-8 mol% Y,0; films with thicknesses in the range of
micrometer were made by magnetron sputtering and their ionic conductivities were
investigated in this work. The function of the anode (fuel electrode) is completely
different — the oxidation of the fuel should proceed effectively in SOFC anodes. They
should be porous in order fuel (methane, hydrogen gases) could reach reaction sites

easily, good ionic and electronic conductors. To make SOFC anode with lower



polarisation resistance Ni-CGO composite films were prepared by spray pyrolysis.
Electrical properties of the films were investigated after different their temperature
treatments. The dimensions of the crystallites can be varied in the range from several to
some hundred nanometres using this method. There is little information about
technological conditions of producing Ni-CGO films with grains in the nanometre range
and their electrical properties were not studied yet. La;_,Sr,CojgFe;,05_5 (LSCF)
materials are usually used as SOFC cathodes.

Electrical properties of SE were investigated by impedance spectroscopy (IS)
method in the electrical field frequencies from 1 to 10° Hz. The crystal structure of the
samples were determined by X-ray diffraction (XRD) method, temperature analysis
(differential thermal analysis — DTA, differential scanning calorimetry — DSC,
thermogravimetric analysis — TGA) of the samples was also done. The surfaces of the
sintered ceramics were investigated by scanning electron microscopy (SEM), energy
dispersive X-ray spectroscopy (EDX), and X-ray photoelectron spectroscopy (XPS).
Various investigation methods used in this work enables one to determine the influence
of elemental composition and technological conditions of preparation of SE on their
electrical properties.

The main aim of the dissertation was to find out correlation between structure,
elemental composition, and electrical properties in Li' conducting ceramics and V'

conducting films. To seek the aim the following problems were solved:

1. New Li" conducting ceramics changing stoichiometric parameters x and y in the
systems  Lij+Ger o TiyAl(POy)s, L1y Zry 5, Ti,AL(POy)s, Li3ScCer «(PO4)s,
LijxSciZry «(POy4)s3, LisScy (By(POy)s, and Liz_Scy_y Y Zr(PO4); have been sintered
under different technological conditions (sintering duration and temperature).

2. Microstructure, temperature stability, and electrical properties in broad electrical
field’s frequency range and temperature range of the above mentioned ceramics have
been investigated.

3. Ni-CGO films with different microstructure have been fabricated by spray pyrolysis
and their electrical properties were investigated.

4. The influence of technological conditions of fabrication of YSZ thick films by

magnetron sputtering on their electrical properties have been investigated.



Novelty of the thesis.
1. Optimal technological conditions of fabrication of Li'-conducting ceramics have been
found.
2. New experiment was performed in order to establish the type of conduction in
monazite-type structure LiCe,;sPO, — the change of Li" concentration on the surface of
the ceramics has been measured by XPS after heating the sample in electrical field.
3. The influence of stoichiometric factors and ceramic’s microstructure of the above
mentioned Li" SE on their bulk and grain boundary conductivities and temperature of
phase transition has been investigated for the first time.
4. The influence of the microstructure of Ni-CGO films on their polarization resistance
has been investigated for the first time.

Statements presented for defence.
1. Ionic conductivity of SE compound increases after partial substitutions
Zr*" 5 ST+ LiT or 22t 5> A+ LiT+ TiY in LiZr,(POy4);, and after partial
substitution Ce*>" — Sc¢** in Li;Cey(POy,);.
2. Phase transition temperature in Li3Sc, «\Bx(PO,); and Liz_Sc, Y Zr(PO4); systems
is changed by changing stoichiometric factors x and y.
3. Technological conditions of fabrication of Ni-CGO films influence the microstructure
and polarization resistance of SOFC anode.

Practical importance of the thesis. Li" SE investigated in this work can be used

for CO, gas sensors or solid state Li" batteries. V5 conductors can be used for SOFC.

The results of the investigation can be used for choosing optimal conditions for their

fabrication.

Outline of the thesis

The dissertation consists of an introduction, three chapters, conclusions, and a list
of references.

The motivation of the performed investigation, the aim of the dissertation, solved
problems, the novelty of the results, statements presented for defence, and practical

importance of the thesis are presented in Introduction.



Chapter 1 is literature review. Crystal structures and electrical properties of
NASICON-type LiM,"V(PO,);, LizM,"(POy); (where M is four valence element and
M™ is three valence element) [1-3] and perovskite type LisLay; TiO; SE [4] are
presented. The changes of the structure, lithium distribution in the [Mz(PO4)3]3_3Oo
framework [5, 6], and increase of ionic conductivity [7] during superionic phase
transitions in NASICON-type materials are shown. The influence of the substitutions of
element M in these SE on their ionic conductivity is analysed. For example a partial
substitution Ti*" — M™ (where MIH=A13+, Sc3+, Y3+, Fe3+, La3+, Cr3+, Ga%, In3+)
increases ionic conductivity by several orders of magnitude [8, 9].

The structures of V" conductors ZrO, and CeO, stabilized by other oxides are

discussed. The influence of additives in zirconias and cerias on V]’ conductivity is
shown. The addition of several mol% CaO, Y,0; or Sc,0; into ZrO, increases the
vacancy concentration in the material as well as V" conductivity [10-11]. The addition

of Gd,O3 or Sm,0; into CeO, is commonly used to increase the ionic conductivity of the
material [12, 13].

Experimental methods used in this work are described in chapter 2. All Li" SE
were synthesized by solid state reaction. The method is based on milling and heating of
the initial stoichiometric mixtures of CeO,, Li,CO;, NH,H,PO,, Sc,05;, H;BO;, La,0;,
Ti0,, ZrO,, GeO,, Al,05-2.5H,0, Y,0; in ethyl alcohol for several times. Ceramic
pellets have been pressed and sintered from obtained SE powders choosing different
sintering durations and temperatures.

Amorphous NiO-CGO films were obtained by spray pyrolysis from
Ni(NO;),-6H,0, Ce(NOs)3;-6H,0, and GdCl;-6H,0 solutions in 10:90 vol% ethanol and
tetracthylenglycol. A mask was used for spraying the films on CGO or YSZ thick
ceramic substrates. Annealing temperatures from 920 to 1470 K have been chosen for
crystallization of the films and the crystallite sizes in the films from 2 nm to 260 nm
have been obtained. NiO has been reduced to metallic Ni in H, atmosphere.

Several experimental SOFCs have been created to test electrochemical performance
of Ni-CGO anodes. Pt layer has been sputtered on top of the anode of SOFC, Pt mesh, Pt

paste, and Pt wires have been used to form current collectors. Only Pt layer has been



used for cathode or symmetrical cells with Ni-CGO on both sides of the substrate have
been made.
oo
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Fig. 1. Schematic view of cells for electrochemical characterization.

For sputtering of ZrO,-8 mol% Y,O; films DC magnetron has been connected to
2-10° Hz 307+360 V voltage and 1+1.5 A current generator. Ni-cermet and alloy-600
have been used as substrates. The films were sputtered varying sputtering duration from
0.5 to 10 h, using 0 or 100 V offset voltage and changing O, gas pressure from 0.5 to
1.8 Pa.

DRON 3 M, PHILIPS X-Spert, and BRUCKER D8 Advance spectrometers were
used for XRD analysis. Netzsch STA 449 C, TA Instruments SDT Q600, and
SETARAM DSCI111 were used for thermal analysis of the powders. Carl Zeiss SMT AG
EVO 50EP and Carl Zeiss Leo 1530 SEMs were used for surface analysis of the
ceramics.

XPS experiments were performed by RIBER LAS-3000 spectrometer. Elemental
composition on the surfaces of the ceramics has been obtained from XPS spectra. In
order to establish conduction type of Li;Ce,y(PO,4); ceramics a special experiment has
been performed. Platinum electrodes have been prepared on LiCe,;PO, ceramic
cylindrical sample (& 8 mm, 1 mm thick) by applying a conductive Pt paste. The first
electrode covered the bottom surface of the pellet and the second electrode had a shape
of a ring and was placed on the top surface and was connected to the negative potential
(Fig. 2). The ceramic sample was placed in XPS chamber and evacuated. Then external

permanent electric field (£) was applied to the sample and it was heated at the
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temperature 493 K for 1 h. Then the sample under electric field was cooled down to
room temperature. The surface of the sample which was under negative electrode was

studied by XPS without external permanent electric field.

Fig. 2. Specially prepared Li;Ce,(POy4); sample for XPS study of the influence of £ on

. ot .
the concentration of L1 ions on the surface.

Special attention has been devoted to IS method. Electrical impedance
Z (f)=2Z"—1Z" is usually represented in complex plain plot, where two semicircles
with centres below real axis are observed for the SE ceramic samples. The semicircle in
Z"(Z") plot at higher frequencies corresponds to bulk resistance (Z,) and the one at lower
frequencies corresponds to resistance of grain boundaries of the ceramic (Zg).
Measurements of impedance covered frequency range from 1 Hz to 1 GHz and
temperature range 300 — 600 K of lithium-conducting ceramics. At the lower frequency
range (1 —10°Hz) Solartron 1260 and Shchlumberger 1255 frequency response
analysers were used for two electrode measurements and self-made equipment was used
to measure impedance by four electrode method [14]. Coaxial line spectrometer with a

sample inserted in the inner conductor was used for the measurements of transmission
coefficient (7 ) in the frequencies from 10° Hz to 10° Hz. Z( f) were calculated from T

[15, 16]. Specific impedance of the ceramic is

~ =5
P = 79 (1)

where: S — surface area of the electrode, / — sample length and complex conductivity
1
yo]

Pt or carbon electrodes were used to contact Li" samples.

o=0c'+1i0" =

)

HP Precision LCR Meter 4284A was used to study frequency dependences of
impedance YSZ films. Impedances of SOFC with Ni-CGO anodes were measured at

10



temperatures from 723 K to 873 K by Zahner IM6 and Solartron SI11260 + S11287
impedance meters. Two and three electrode methods were used for SOFC study in the
frequency range 10™' — 10° Hz in H,:N, atmosphere.

The experimental results are presented in chapter 3. XRD analysis of the Li -
conducting compounds has shown, what Li;;Ce,3P0,4, LiCe,;3PO4, Li3Scy;Ce 7(POy)s,
Li3Sc, «By(POy4); (where x=0-2), LiyoSc;oZry(POy4)3, and LiyoSc;3Y1Zro1(POy4)s3
compounds belong to monoclinic symmetry (space group P2,/n) with Z = 4 formula units
in the lattice. LiygSc)gZrg,(POy4); and LipgScy ;Y 1Zry2(POy4); compounds belong to
orthorhombic symmetry (s.g. Pbcn), Z=4. Li;;ScoZr;o(POy)s, Lij1ScyrZr g(POy)s,
Li;3Sco3Zry 7(POy4)s,  LijnZiy o TixAl(POy4)3, and  LijGey o TixAl(POy4);  (where
x =0.1, 0.2, 0.3) compounds belong to rhombohedral symmetry (s.g. R3c¢), Z=6. The
above mentioned compounds have typical NASICON-type structure.

DTA curves of LiyoScyoZry1(POy4); and Liy 9ScigY1Z1r91(PO4); SE powders are
presented in Fig. 3.

2 1 1 ) )

8 -
e a
0] O i
% 6} I
o S _2 B a |
2 2
-C L J ‘\xﬂ B E
o 4 < 4L i
-]
“é 2 b B b 1
8 “l 1 6] |
£
()] o o
F ol ) ) ) sl i

300 600 900 1200 1500 N o

300 600 900 1200 1500
7, K

T,K

Fig. 3. DTA curves of  Fig. 3. Dilatometry curves of

Li, 09S¢ 9Z1)1(PO4); (a) and  LiySc;9Zry1(POy); (a) and
Li0Sc¢18Y 01210 1(PO4); (b) Liy0Sc¢i3Y0.1Zr9.1(PO4); (b) compounds.
compounds.

Broad peaks in the temperature range 420-510 K for Li, ¢Sc; 9Zr1(PO4); and 410-
520 K for LiyoScigY 1719 1(POy4); is related to superionic phase transitions in these

materials. The peaks at about 1000 K are related to sintering temperature of the ceramics,

11



also seen from dilatometric curves (Fig. 4). On the other hand no phase transitions of
Liy gSc §Zrg2(POy)s, LizgSci 7Y 1Z102(POy4);, LizScB(PO,);, and LisB,(PO,4); materials
are observed by DTA or DSC.

SEM images of polished and thermally etched surfaces of LiCe,;PO,4 ceramics
sintered for 1 and 3 h are shown in Fig. 4. No significant differences can be seen in the

microstructure of the samples sintered at the same temperature varying the sintering

duration.

(63 : 0~":‘-'4§" 57%a, Y ‘ s ’ »& 3 3 "
10pm = ignal A = ate :19 Jan opm =10 ignal A = ate 119 Jan
Weg= BUO0EX - 5\'/“; 1101'(::.):/ iili Nlal;effz_os.tif e 1m0 Megi= 500K X 5\:‘DT= 'g :‘l:“kV :ileNI:na Siios.ﬁf 10 mz00e
a) b)
Fig. 4. SEM images of the surfaces of LiCe,3PO,4 ceramics sintered at 1163 K for 1 h

(a) and 3 h (b).

o

SEM images of the surfaces of Li, gSc; gZr,(PO,4); ceramics sintered at 1573 K for
1 h and at 1273 K for 6 h are shown in Fig. 5. Much larger crystallites can be seen on the

ceramic’s surface sintered at higher temperature.

- ; S lo®
4 3 P o a 2 oy
EHT =15.00 kv Signal A = VPSE Date :6 Feb 2008 EHT = 15.00 kV Signal A = VPSE Date 6 Feb 2008
WD =11.0 mm Photo No. = 2823 Time :11:00:36 — WD =105 mm Photo No. = 2832 Time :11:24:44

A,

Fig. 5. SEM images of the surfaces of Li, gSc, gZr(,(PO,); ceramics sintered at 1573 K
for 1 h (a) and at 1273 K for 6 h (b).
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Elemental compositions of the ceramics’ surfaces were measured by XPS. Spectra

of Li 1s photoelectrons of LiCe,;PO, ceramic sample before and after influence of E are

shown in Fig. 6. The results of elemental composition are summarized in Table 1. The

experiment clearly shows that Li" ions are mobile in LiCe,;PO,.

75 || = before heating in £ Li 1s 4
—o—aferheatingin E__ |
. A
= o 291
% 50+ jﬁb b,ci\%o L .
£ K \j
520 s kLAl
-— & 165 "5. v " n 0’ 0
E (§el 6m il J'\ --’\- \ l-\ E;)\O (;/3
i a-;:h-\-é Pt \17%% W il
0-0\9/ -\:\.,\/ H " .\-O‘o i 5 A
57 56 55 54 53
Binding energy, eV
Fig. 6. Li 1s XPS spectra of
LiCe,;3P0O, ceramic before and

after influence of E.

of element

Table 1. The

composition of LiCe,sPO, compound before

comparison

and after influence of E.

Atomic %

Ce O P Li

304 Lils
25

5 20 4

Intensity, arb.

Binding energy, eV
Fig. 7. Li 1s XPS

Liz_()SCl_()ZI'()_ 1 (PO4)3 ceramic.

60 58 56 54 52 50

spectrum of

Before heatingin £ 9.5 599 165 14.1
After heating in E 7.1 50.7 184 23.8
Ce 3d photoelectron spectra in

LiCe,;sPO, and Li;3CeysPO4 ceramics were
found the same showing that cerium exists as
Ce®" in both compounds. Two sites of lithium
are known in the NASICON structure [17].
XPS spectra of Li 1s also show two different
sites for lithium in most investigated Li'-
conducting SE. As an example Li 1Is XPS
spectrum of Li, 9Sc; 9Zr( 1(PO4); compound is

shown in Fig. 7.

Frequency dependences of real part of conductivity of LiyoScsY1Zrg1(POy4)3

ceramic measured by two-electrode method is shown in Fig. 8. Three dispersion regions

can be seen from the spectra and the frequency ranges of the dispersions shift towards

higher frequencies while temperature is increased. The dispersions have been attributed

13



to ionic transport in bulk, grain boundaries of the ceramics and to electrode—SE
interfaces. Bulk (ay) and total

_ _ gb
S . 3)
Py Pg OpT0Oy

ionic conductivities were estimated from impedance plots in complex plane (Fig. 9) or

alternatively from o”(o’) plots.

6000
£ 4000
G—.
o §
2000} )
. M}-%z37 ksz
f /pgh+ ph

0 . .
0 T 2000 4000 6000
P p, 2'm

f Hz

Fig. 8. Frequency dependences of the real part  Fig. 9. Complex impedance plot of
of COl’ldllCtiVity of Liz_gSCl_gYo_1ZI'0_1(PO4)3 Liz_gSCl_8Y0_1ZI'0_1(PO4)3 ceramic
ceramic measured at different temperatures: 1 measured at 320 K.

-320K,2-370K,3-420K, 4 - 520 K.

Temperature dependences of oy, and o, of the studied SE change according to
Arrhenius law
- AE

b,tot
— bt 4
T 4)

O ot = O EXP
where T — temperature, oy — preexponential factor, AE,  — activation energies of bulk
and total conductivities respectively, k — Boltzmann’s constant. Temperature
dependences of conductivities of Lij+ScyZry ((POy)s, LijGey » Al Ti(POy4);, and
LijxZr 5 AL Tiy(PO4); (where x=0.1, 0.2, 0.3) SE are presented in Fig. 10-13.
Activation energies of conductivities are summarized in Table 2. In general oy, and oy

increases and the activation energies of o, (AE,) decreases with increasing

stoichiometric factors.
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Fig. 10. Temperature dependences of
bulk (O) and total (®) conductivities of
Li;ScZr, (POy4); (where x =0.1, 0.2,

0.3) ceramics.
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Fig. 12. Temperature dependences of
bulk conductivities of
Li;1Zr gAly 1 Tip 1(PO4); (1),
LijoZr 6AlgsTigp(POs)s  (2)  and
Li; 3Zr; 4Aly5Tio3(PO4); (3) ceramics.

Temperature dependences of

T.K
600 500 400 300

.;\“\VX= 0‘3

‘(:\.g( =02

10°} x=01
15 20 25 30 35

1000/T, K'
Fig. 11. Temperature dependences of bulk
(closed symbols) and total (open symbols)
conductivities of LijGer r AL T1,(PO4);

(where x = 0.1, 0.2, 0.3) ceramics.

T, K
1o 600 550 50 450 400

102 . . .
16 18 20 22 24
1000/T, K™

Fig. 13. Temperature dependences of total
conductivities of Lij Zr; 3AlyTip(PO4);
(1),  LijpZrAlgsTigp(POs);  (2) and
Li; 3Zr; 4Aly5Tio3(PO4); (3) ceramics.

total conductivities of LizCey(PO4); and

Li3Scy3Ce; 7(PO4); ceramics are shown in Fig. 14. The ionic conductivity of

Li;Ce,(PO,); was increased by partial substitution of Ce’” by Sc’*. The total conductivity

of the ceramics is also increased slightly by increasing sintering duration.
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K Table 2. Activation energies of bulk

600 550 500
102k Li.Sc, .Ce..(PO.), conductivities (AEy) and total conductivities
= (AEtOt)'
%) 1h ”
& 10°} Composition AEy, eV AE, eV
&Q*Lsic;e;(POA)a Li; 1Sco1Zr; o(POy); 0.30 0.30
10% ‘\-\-\-\'711 h . Lil_zsCo_zzrl_g(PO4)3 0.29 0.49
16 18 2.0 )
1000/T K- L11.3SC0.3ZI'1.7(PO4)3 0.28 0.41
Fig. 14. Temperature dependences Lij1ZrisAlg 1 Tipa(PO4); - 0.25 0.30
of  total  conductivities  of Li12Zr; 6Al) 2 Tigo(PO4)3 0.26 0.41
Li3C62(PO4)3 and Lil.3ZI'1.4A10.3Ti0.3(PO4)3 0.22 0.40
Li3SCo_3C€1_7(PO4)3 ceramics Li1_1G€1_8A10_1Ti0_1(PO4)3 0.32 0.62
sintered for different duration. Li12Gey 6Alp2Tipo(POs); - 0.32 0.73
L113G614A103T103(PO4)3 0.25 0.51

The anomalies in o;, temperature dependences of Li;Sc,(PO,4); can be associated to
a <> B <> v phase transitions [3]. Temperature dependences of bulk conductivities of

Li3Sc, .By(PO,4); SE are shown in Fig. 15.

T, K
600 500 400 T T T v T
' ' ' y : ; 580 _
<:>@Oc;@‘,,‘ 5. o Li3SC2(PO4)3 | |
1 0—3 E g i ° Li38c1.sBo.5(P04)3 q 560 |- |
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Fig. 15. Temperature dependences of  Fig. 16. Dependence of transition

bulk conductivities of  temperature to y-phase on stoichiometric
Li3Scy, (B«(POy); (where x =0, 0.5, 1)  parameter of Li;Sc,_By(PO4);
ceramics. compounds.
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Only a change of AE, can be observed in oy(1/7) plot for S¢** —B*" substituted
compounds with no rapid increase of conductivity. This fact means that the samples
Li3Sc, (B4(PO4); where x > 0.5 are in superionic phase in the studied temperature range,
but transition temperature to y-phase (7,) depends on stoichiometric factor x (Fig. 16).

Phase transition temperature range of

T.K
600 500 400

10'f Li; 0S¢ 9Zrg 1(POy4)s and
g%k% LiyoSc3Y01Zr91(POs);  observed from
% 10° %m'ﬁguj temperature dependences of o, (Fig. 17)
o 107} AN correlate well with DTA results, while no
102l [+ U800, PO 93\ op(1/T) anomalies can be seen for
° H>eS01sYo 20 (PO Liy 8Sc; 7Y 0.1Z192(POy4)3 and

10_3.5 20 25 3.0 Li, §Sc gZ1g,(PO4); compounds.
1000/, K™ One relaxational dispersion was

Fig. 16. Temperature dependences of ,pserved for YSZ films sputtered by

bulk conductivities of Li; 9S¢19Zr0.1(PO4)s  magnetron on alloy-600 and Ni-cermet

and Liz o8¢y 5Y0.1Zro.1(POy)sceramics. substrates. The dispersion is related to V'

conduction. The film sputtered for 1 h on alloy-600 substrate heated at 533 K with 0
offset bias was found to be homogeneous, at 800 K o= 0.01 S/m and AE = 0.6 eV.

Complex impedance plot of a symmetrical SOFC (Ni-CGO/YSZ/Ni-CGO)
measured at 723 K is presented in Fig. 17.
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Fig. 17. Complex impedance plot of Ni-CGO/YSZ/Ni-CGO cell, measured by two-
electrode (V) and three electrode (O and ®) methods at 723 K. R, — polarization

resistance of the anode, R, — resistance of YSZ electrolyte.
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Half-cell (three electrode) measurements allows one to determine polarisation
resistance of a single electrode while the measurement by two-electrode method
corresponds to the sum of resistances of two electrodes. R, of 60/40 vol.% Ni-CGO
anode is lower compared to pure Pt anode (Fig. 18). Ry were also dependent on the
crystallization temperature of the sprayed anodes. 10 h annealing at 923 K corresponded
to crystallite sizes of 5 nm and at 1273 K — 53 nm. R, versus annealing temperature

(Tkep) 1s shown in Fig. 19.
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Fig. 18. Temperature dependences of
polarization resistances of 60/40 vol.%

Ni-CGO and Pt on CGO substrates.

Fig. 19. Polarization resistances of Ni-
CGO anodes on CGO substrates versus

annealing temperatures of the films

(measured at 823 K).

The real part of dielectric permittivity (&) of the studied SE has been calculated at
1 GHz frequency, which is higher than Maxwell’s relaxation frequency. Generally & is
caused by polarization of ionic migration, vibrations of lattice and -electronic

polarization. & increases with increasing temperature, as is normally observed for most

SE.
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Conclusions

NASICON and LLTO-type lithium SE have been synthesized by solid state
reaction and their ceramics were sintered. ZrO,-8 mol% Y,0; films have been sputtered
by magnetron under different conditions. Amorphous NiO-CGO films have been formed
by spray pyrolysis, afterwards followed crystallization of the films and NiO reduction to
metallic Ni. Various methods were used for the investigation: XRD, XPS, DTA/TGA
SEM, IS. In summary the following conclusions have been made:

1. It has been shown by XPS that LiCe,;PO, ceramic is Li'-ion conductor. Ionic
conductivity of LiCe,3PO,4 ceramic measured by IS at 600 K is 2.4-10* S/m and ionic
conductivity of LizSc(;Ce; 7(POy); 1s 7.7-107 S/m.

2. Phase transition temperature to superionic y-phase in Li;Sc, \By(PO,); compound
when x =1 1s 7, = 510 K. No phase transitions were observed in the studied temperature
range in the system Li;_,Sc, Y, Zr,(PO4); when x = 0.2.

3. Three relaxational dispersions of electrical properties were observed in investigated
lithium SE ceramics. The dispersions have been attributed to ionic transport in bulk,
grain boundaries of the ceramics and electrode—SE interfaces.

4. The increase of stoichiometric factor x in the systems LijSciZr, (POy)s,
LiZr, 5, AL Ti,(POy)s, and Li+Gey 5, AL Ti,(POy4); (where x =0.1, 0.2, 0.3) leads to
the increase of bulk conductivity and the decrease of its activation energy. The highest
ionic conductivity at 300 K has been found for Li;;Ge;4Aly;3Tip3(POy4); ceramic (its
o, = 7,49-107 S/m, AE, = 0,25 V).

5. The dispersion of electrical properties of ZrO,-8 mol% Y,O; films was found and

attributed to V" transport. Technological conditions of fabrication of YSZ thick films

by magnetron sputtering influence their ionic conductivity and its activation energy.

6. Ni-CGO films with nanocrystalline grains are promising for SOFC anode preparation
due to lower polarization resistance compared to Pt electrodes. The increase of annealing
temperature of NiO-CGO films leads to the increase of crystallites’ sizes. The lowest
polarization resistance was found for Ni-CGO films with average crystallites’ sizes of

5 nm.

19



7. Dielectric permittivity of Li" SE ceramics and YSZ thick films increases with
increasing temperature, the values of dielectric permittivity depend on material’s

chemical composition and their stoichiometry.
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Santrauka

Disertacijoje yra nagrin¢jama, kokia jtaka li¢io katijony ir deguonies vakansijy
kietyjy elektrolity elektrinéms savybéms daro ju struktiira ir elementiné sudétis. Darbe
yra aprasomos technologinés superjoniniy junginiu (SJ) keramiky ir sluoksniy gamybos
salygos, lemiancios juy mikrostruktiira, bei pateikiami SJ pavirSiy, temperatiirinio
stabilumo ir elektriniy savybiy tyrimo rezultatai.

Disertacija sudaro ivadas, 3 skyriai, iSvados ir cituojamos literatiiros saraSas. [vade
yra apraSoma tiriamoji problema, darbo aktualumas ir naujumas, iSkeltas tikslas,
sprendziami uzdaviniai bei pateikiami ginamieji teiginiai ir darbo aprobacija.

Pirmasis skyrius yra literatiiros apzvalga. Cia yra apzvelgiamos NASICON tipo
LiMZIV(PO4)3, Li3M2HI(PO4)3 (Cia: M"Y — keturvalentis, o M"™ — trivalentis cheminis
elementas) ir perovskito tipo LisLay; ,TiO; superjoniniy medziagy kristalinés
struktiiros bei elektrinés savybés. Analizuojami NASICON struktiirinio tipo medziagose
vykstanciy faziniy virsmy i superjoning faze metu vykstantys struktiiros pokyciai,
lemiantys dideli medziagos joninio laidumo atsiradima ir elemento M kaitos jtaka
joniniam SJ laidumui. Apzvelgiamos deguonies vakansijuy laidininky ZrO, ir CeO,,
legiruoty ivairiais kitais oksidais, kristaliniy struktiry ypatumai, parodoma priemaisSy
kiekio jtaka deguonies vakansijy laidumui $iy superjoniky keramikose.

SJ gamybos technologinés salygos ir ju tyrimo metodai yra aprasomi antrajame
skyriuje. Li¢io jony kietieji elektrolitai buvo pagaminti kietyju faziy reakcijy metodu ir
kepintos ju keramikos, parenkant skirtingas keramiky gamybos salygas. YSZ sluoksniai
buvo pagaminti magnetroninio dulkinimo metodu, o Ni-CGO sluoksniai — purskimo
pirolizés metodu bei véliau kristalizuojami. Superjoniniy medziagy tyrimams buvo
naudoti Rentgeno spinduliy difrakcijos, temperatiirinés analizés (DTA/TGA),
skenuojancios elektroninés mikroskopijos, Rentgeno spinduliais suzadinty fotoelektronu

spektroskopijos (XPS) ir kompleksinés varzos spektroskopijos metodai.
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Tre¢iajame skyriuje yra pateikiami tyrimy rezultatai. Tirti Li* SJ priklauso
monoklininei, ortorombinei arba romboedrinei singonijoms, o ju struktira yra
NASICON tipo. Yra parodoma, kad keramiky mikrostruktiira labiausiai priklauso nuo ju
kepinimo temperatturos, o keramiky kepinimo trukmé ju kristality dydziams itakos
praktiskai neturi. LiCe,;sPO, keramika paveikus elektriniu lauku, XPS buvo parodyta,
kad $ioje medziagoje vyksta Li" jony pernasa. Be to, Li 1s XPS spektra galima igskaidyti
1 dvi dedamasias, kurias galima biity susieti su zinomomis dvejomis padétimis
NASICON struktiiroje.

Kompleksinés varzos spektroskopijos metodu buvo istirtos Li" laidziyju keramiky
ir deguonies vakansiju sluoksniy elektrinés savybés. Parodyta, kad sistemose
Li;,Sc,Zr, «(POy)s, LijZr, 5 AL Ti,(POy); ir LijsGer 5, AL Ti(POy); (¢ia x =0,1, 0,2,
0,3), didinant stechiometrijos faktoriu x, didéja kristalitiniai keramiky laidziai, o ju
aktyvacijos energijos maz¢ja. LiCe,;sPO,4 keramikos laidis taip pat padidéja ivykdzius
dalini pakeitima Ce’" — Sc’*. LisSc, Bx(PO,); junginiuose vykstantio superjoninio
fazinio virsmo temperatiira priklauso nuo stechiometrijos faktoriaus x. Maziausia fazinio
virsmo i superjoning y fazg temperatira Sioje sistemoje buvo gauta kai x=1.
Liz_,Scy Y Zr(POy); sistemoje kai x=0,1, y=0, 0,1 temperaturin¢se kristalitinio
laidzio prieklausose yra stebimos anomalijos, susijusios su superjoniniais faziniais
virsmais Siose medziagose, o kai x = 0,2 tirtame temperatiry intervale faziniai virsmai
nevyksta.

Zr0,-8 mol% Y,0; sluoksniuose buvo aptikta elektriniy parametry dispersija,
susijusi su deguonies vakansijuy pernasa. Magnetroninio dulkinimo metodu suformuoty
YSZ storyju sluoksniy SOFC deguonies membrany joninis laidis ir Sio laidzio
aktyvacijos energija priklauso nuo ju paruosimo technologiniy salygu.

Didinant NiO-CGO sluoksniy, suformuoty purskimo pirolizés metodu, atkaitinimo
temperatiira did¢ja kristalitai. Maziausia poliarizacine varza pasizyméjo Ni-CGO
sluoksniai, kuriy vidutiniai kristality dydziai buvo 5 nm.

Parodyta, kad Li" superjoniniy keramiky ir YSZ storyju sluoksniy dielektriné

skvarba keliant temperatira did¢ja.
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