I JONIKA

Jvadas
1. SUPERJONINIU KRISTAYU STRUKTUROS
1.1.Retoji jony sanglauda Ag+ superjoniky kristalinese struktarose
1.2 Kristalinés V-, Na+, H+ superjoniky strukfiros
1.3.Netvarkios Li+ superjoniku strukiiros

2. JONINIS SUPERJONIK U LAIDUMAS IR POLIARIZACINIAI REISKINIAI
2.1. TaskiniaFrenkelio ir Sotkio defektai superjonikuose.
2.2. Stabilizuojanciyjy Y203 priemaiSy ijtaka elektrinems ZrO2 keramiky savybems
3. SUPERJONINIY JUNGINIY ELEKTRINIU SAVYBIU TYRIMO METODAI
3.1.Joninio laidumo sando ir dielektrinés skvarbos tyrimo metodai elektriniuose Zemojo ir aukstojo dazniy laukuos
3.2. Superjoniky elektriniy savybiy tyrimo metodai mikrobangiuose elektriniuose laukuose
4. DINAMINES SUPERJONIKU SAVYBES
4.1.Dielektrinés skvarbos ir elektrinio joniniy ir superjoniniy kristaly laidumo prieklausy nuo elektrinio lauko daZnio aprasas
4.2.Relaksacine superjoniky joninio laidumo dispersija
4.3.Relaksacine ir rezonansiné o ir € dispersijos Li+ superjonikuose
5. SUPERJONINIU JUNGINIY TAIKYMAS
Superjoniniai akumuliatoriai
.Kuro gardelés
Deguonies siurbliai
Deguonies dujy jutikliai
Anglies monoksido dujy jutikliai
Anglies dioksido duju jutikliai
Jonistoriai
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a) a-Li;Fe,(PO,); Li* ion map on the (010) plane, b) oxygen window in 3
phase on the (001) plane, c) y - Li;Fe,(PO,), Li* ion map on the (010)
plane
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Ideal lattice Point Frenkel —type defects
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The energy relief of of ions in the lattice witheth
point Frenkel —type defects
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Point Frenkel - type defect | | _
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Point Schottky-type defects



Point Schottky-type defect

F=N, - Gg—T-S
G, =H, —T-S,;

P NI
V= NN

N1

Sy =kIn P = kn s s

A5 &
e =T
$ 77 aNg
OS¢ =k1nfﬁf_
EIV & TNg
Gs _ 1.
-T  Ng

F-free energy of the lattice

N -concentr. of p.Schottky defects
N-concentration of the ions inttice
T-temperature

P-probability

GGibbs energy




The substitution of M** and M?* ions in LiTi,(PO,);
solid electrolytes

The values of the ionic radius are:Ti** =0.6, S¢’*=0.81, Fe’*=0.76,
Y*=0.93, AP* =0.5, Ge**=0.53, Cr’*=0.69, Mg’*=0.65 A .

The compounds at room temperature belongs to the rhobohedral

symmetry
(.S.G. R3¢) Z=6

The substitution Ti*'=» M** + Li" realize in the compounds
Li 1.xM xTi 2x(PO 4) 3 Where M = Sc, Al, Fe, Y, La, x= 0.3.

The substitution Ge*™== M** + Li* realize in the compounds
Li 1+xGe 2-xM X (PO 4) 3 Where Mx = A.l().s, Cr0_3.

The substitution Ti‘™= M?*'+ 2Li" realize in the compounds
Li 1+2xM xTi 2.x(PO 4) 3 Where M, = Mg.



Synthesis conditions of the
Li M, Ti, (PO,), (where M=Sc, Al, Fe, Y; x=0.3) compounds by a solhase reaction

Li ,CO, _The mixture was placed
(purity 99.999%) " in the et_hyl alcohol and
Extra pure: ‘ mlllegl In a_planetary

NH,H,PO,,TiO,, mill during 8 h

M.O, l

The mi'xture was The stoichiometric
placed in the ethyl

: mixture was heated
alcohol and milled _ at T=773K during

during 12 h 24 h

1

The mixtures with
Al, Fe, Y were

The powders with

Al, Fe, Y were
l‘ heated at T=1273K

heated at T=1173K
during 1h and during 2 h
mixture with Sc was
heated 1h at l
1=1153K

p
Milling of the each Cooling down to
powder in the [ <L __room
ethyl alcohol emperature
during 10 h

Drying the
powder at
T=393K during
24 h




Sintering of the Li

1+x

laxial [ fth
Uniaxialy pressing o el :

powder at 300MPa

M, Ti, (PO,); (where M=Sc, Al, Fe, Y; x=0.3) ceramics

Heating of the pressed
samples up to T=673K
with the velocity of
5deg/min

Heating of the samples of
the system with Sc up to
T=1543K, with Al up to
T=1383K, with Fe up to
T=1283K, with Y up to

T=1293K with the
velocity of
5deg/min

Annealing of the samples
at T=673K during 1 h

The sintering of the
ceramics at the

was conducted in air
for1 h

sintering temperature —">  T=300K with the

Cooling down to

velocity of 5deg/min




In 1938, Stefan Brunauer, Hugh Emmett and Edward
Teller published an article about the BET theory in a
journal for the first time; “BET consists of the first
initials of their family names. [BET (A#g)].






YSZ, GDC, SDC composition, S of the powder theoretical and relative
densities of the ceramics.

Composition Sserr M9 | Dipooreticar 9/CM3 d, %
Gd, .Ce, O, 4 220 7.24[3] 95.0
Sm, ,Ce, O 9 212 7.15[1] 94.0
Sm, L&, 0, 5 195 7.22[5] 94.0
Sy 15C€0 8501 925 203 - 94.0
Sy 15C€0,85801.925 8 - 92.0
Gd; ,Ce; O, o5 6.44 7.21[2] 97.0
Gd, ,Ce, O,_5 201 - 95.0
92 mol% ZrO , 8 mol%Y ,0O, 1.67 5.96[4] 97.0
92 mol% ZrO , 8 mol%Y ,0O, 12.4 - 95.0

1. H.B.Li et al.Acta Mater.54(2006)721; 2. K.Huang et al.J.Amer.Ceram.S0c.81(1998)357;3.G.Chiadeli et
al.Sol.State loncs, 176(2005)1505; 4. H.Liu et al.Mat. And Design, 31(2010)2972; 5. C.Jiang et al.
Power Sources, 165(2007)134.
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SEM images of Ce ,,Gd, 0, oz CEramics sintered
from powder with S ;-7 = 158.03 m?/g (a) and
Sget = 6.44 m?/g (b)
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Pastarosios lygtys yra vadinamos Debajaus lygtimis. niase ir
superjoniniuose kristaluose, kuriuose dominuoja vighar joniniai migrato-riai,
turintys § paf relaksacijos laik
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Temperature dependences of the relaxation frequency of theSZ thin
films deposited on alloy-600 substrate




The frequency of the relaxation dispersion increase with temperature
according to formula

AE,
Jo =JSoXP| — =" |

where fj is frequency related to the lattice vibration. The ionic conductxvnty of the
bulk is the product of the volume concentration of mobile Li" jons N, their electric

mobility p and the electric charge q:

= uNg .

o0 Moo 32 )] [ oo - 22

AE, +AE, = AE,.
According to the Nernst-Einstain relation, the diffusion coefficient of mobile

2L e
q

ions D =

exponentially increase with temperature according formula D = D, exp(—AE,, / kT).

That means that the activation energy of Li* ion diffusion AEp and migration
AE,, should be equal

AE, = AE,.

According to model of thermally activated ion jumps, which is realized in solid
electrolytes, the lattice diffusion coefficient of mobile ions are related to the mean

jump frequency w; by the expression:
D=y’ o

where w;= 2nfi, is the angular frequency, y =1/4 is the geometric factor for two-
dimensional conductivity path in the rhombohedral site symmetry, 1 is the mean
square jump and v is the correlation factor, which depends on the definition and
probability population of jump vectors. Since we have found that the activation
energy the o} of the materials is equal to the activation cnergy of the fi,, which can be
attributed to the mlgratlon of Li" ions in the bulk of the ceramic samples, the
concentration of charge carriers remains constant with temperature.
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JAV SOFC PROGRAMOJE DIRBA:

1. NACIONALINIS KOMERCINIS STANDARTU IR TECHNOLOGIJU
DEPARTAMENTAS

2. FEDERALINIS ENERGETIKOS TECHNOLOGIJU CENTRAS

3. GYNYBOS DEPARTAMENTAS

4. DUJY TYRIMO INSTITUTAS

5. ELEKTRINIU ISTEKLIU TYRIMO INSTITUTAS

6. BERKLIO LAWRENCO LABORATORIJA

7. KALIFORNIJOS UNIVERSITETAS

VISU MINETUJU ORGANIZACIJU $TUOS DARBUS FINANSUOJA:

1. CERAMATEC

2. ZTEK

3. TECHNOLOGIJU VALDYBOS

4. G]MININGUJU SIGNALU AEROVISATOS KORPORACIJA

AUSTRALIJOJE SOFC GAMINAMI KERAMIKINIY KURO GARDELIU
LABORATORIJOJE .

EUROPOJE:
DIRBAMA SVEICARIJOJE, ANGLIJOJE VOKIETIJOJE
PRANCUZIJOJE, DANIJOJE ‘



State-of-the-art SOFC

Unfortunately, the dominant SOFC developers aim at stationary applications.
Such ceramic solutions are indeed heavy, sluggish, expensive and fragile and
must be operated at high temperatures. But totally different SOFCs are presently

developed for mobile applications. The following results, Table 1, have recently
been presented:

Table 1 Recent results reported by distinguished SOFC laboratories
Feature Value References

Power density at 800°C 1.935 W/cm® | Berkeley Lawrence Lab. (2)
Stack power per volume over 1 kW /L Allied-Signal Aerospace (3)
Stack power per mass over 1 kW / kg | Allied-Signal Aercspace (3)
Warm-up: to 800°C 1 minute ; Keele University (4)

or ,to operating temperature” | 5 seconds Keele University (5)
Cool-down, 1000 to 800°C 31 hours Univ. of California (8)

Although these resuits come from different laboratories, they illustrate the
potentials of advanced SOFC technolegy: planar, hybrid (metal-ceramic), bipolar
designs with thin (5 to 10 um) éupported ceramic electrolytes and operating
temperaturds between 650°C and 800°C. Such light weight, compact SOFCs are
under development for automotive applications. Table 2 documents what can be
expected in the near future:

Table 2 Projected trends of development of SOFCs for transportation
Features : Projections : 4
| Operating temperature ; (550°C) 600°C to 800°C
| Start-up (ambient to operating temp.) |less than 2 minutes
Stack power per volume 2 kW /L
Stack power per mass- 2 kW / kg
‘| Fuel - unleaded gasoline, diesel, Methanol
Reforming integrated internal and in situ
Cooling : air, heat rejeclion by exhaust

Duty lifetime 5,000 hours
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The first approach: Thermodynamically stable mixed conducting

composite

Themodyamically stable
mixed conducting composite
3 : cathode oxide / electrolyle oxide -

In203 - 10 mol% ZrO2 ~
In203 - 30 mol% ZrO2 ~

ZrO2 - 8 mol% Y203
olectrolyte

The second approach: Multi-layer composite

1.a0.55r0.5Co03

N .
La0.55r0.5C00.5Mn0.503 s ;
Se—

- — — == — — — I——==— ntermediale layers . _

mixed conducting oxfde

La0.85Sr0.15Mn0O3

7
Zr02 - 8 mol% Y203
~ electrolyte

The ihird approach: Concentration gradient céthode/e/ectro/yte
composite : : . :

La0.58r0.5Co03 i mixed conductor

-

Mixture of LSC + * ‘ T
Zr02 - 8 mol% Y203 :
: ZrO2 - 6 mol% Y203 .
electrolyte




: Thermal
Electronic Ionic conductivity | expansion
conductivity (S/m) cocfficient
(S/m) (10-6.K-1)
: (R.T.-900°C)
950°C 9000C 800°C . :
Lag g5Srg.1sMnO3 1.4x104 1.4x104 1.4x104 10-5(9000C) [12} | 11.7
InO; 5- 1.2x104 1.Ix104 - 1.0x104 1(900°C) [20,21] | 10.1 [17]
30mol%ZrO; - » ' i
InOy 5- 5.4x104 5.3x104 5.4x104 5x10-1(723°C) - 923]
5mol%Sn07 ' : [18,22]
Lag.sSro.sCo03 3.4x104 3.8x104 4.4x10% 8x101(900°C) [12] | 22.0 -
‘ 4.7x104 [5] (Lag,6Sr0.4Co03) : :
Lag 3Srg 7Co03 - - 4x104 [5] 15.¢
Lag 7Srg.3C003 - - e 3x104 [5] 18.3
Lag.gSro.2C00.8Fc0.203-5 | - ; 2x104 [24) 2x104 [24] "1x101(800°C) [24] | 18.4 .
Lag.2Sr0.8Co0.8Fc0.203-5 | 5.6x103 6.3x103 8.1x103 1x103(8000C) [16] | 24.0
‘o 1.5x104 [24] | 1x102(8000C) [24]
Zr02-8mol%Y203 - - - 11.5 {9500C) 10.5 [17)
' 8.57 (900°C)
13.75.@8000C) .- |- - -

- Apnodes M. /ysz‘

Table 2: In-plain resistivity of cathode layers ()@

Co-sintering temperature
Materials (cathode thickness#) 1000°C | 1100°C - | 1200°C
Lag 85Srg-1sMnC3 (50um) 5000 2000 500
90In0} 5-10mol%%Zr0O2 (S0um) | - - 20 :
/70In0} 5-30mol%%ZrO3 (15um) (co-sintered
at i375°C)
Lag 5Srg sCoQ03 (50um) 600 60 30
L2ag.5Srg.sCo03 (15um) - 10000 -
/LLag 5Sro.5Mnp.5C00.503 (151m)
/Lap 8sSrp 1sMnQO3 (15um)
Lag 5Srg.5Co0O3 (SOum) 8000 60000 4000000,
/LSC+8Y-ZrOz layer (15um) B

@3.wire method, peint contact with a dista

‘#Cathode thickness before sintering are given.

fice o 2.7 mm
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Multi-Fired Process Flow for SOFC Planar Configurations

Slip Cast g . ; P
Spexy
?my Sturry
i Toasy Stack

_ Assembly
processes

Note: Alternative production processes appcar in gray to the bottom of actual production

Example of manufacturing process description.

: Allowable Installed Cost! ($/kW)
Market Segment Typical Capacity Entry? . Sustained?
Commercial Cogeneration 50 kW -2 MW $1,500 - 2,000 $800 - 1,300
@ - Z
E' Industrial Cogeneration 5-200 MW $1,000 - 1,200 $800 - 1,000
3 7
Residential Power 0.5- 10 kW $1,000 - 2,500 '~ $800 - 1,000
> | Distributed Power 5-20 MW $1,300 - 1,500 $800 - 1,300
=
2 | Central Station = 100 - 500 MW $900 - 1,100 $700 - 900
. Tmalhm.dsyshmeosu.hdudmllmscas Tumwmnwmmm c«ummmm
on a range of electricity and gas rate structures. would be
prices are typically 2-3 times as high as natural gas. i
I'Enwy’eou:w-modmaadyhchmmuk“.‘sulwmmxbe i: to market pec

Summary characterization of potential stationary power markets

$2500 ¢ =

:_.;x +gh Ouay Cycle (e 9 , HospRais) v

= e
,_é § $2000
S3 s o LT e
= = X * Los Angeies Utsly Rates
= b \__
= E $1000 - e 34
-< B ’.,_. 3

% $500 |

$0° +
. 20 30 40 50 60
System Efficiency (%)

Impact of system efficiency on allowable system cost.



CAzonofoggof Soleo/ E'/ectzoéﬂ‘e Ce tls

Typical Cell System

Date Electrolyte Log (S/cm)
1950-60 Agl -5 Ag/V205
1960-65 Ag3SI -2 Aglh
1965-72 RbAg4ls -0.5 Ag/Me4NI5
1965-75 Beta-alumina -1.5 Na-Hg/I2,PC
1970-75 Lil(Al203) -5 Li/PbI2
1970-80 Lil -7 Li/I2
1978-85 LiX-PEOQb -7 Li/V20s
1980-86 Lio.3610.1400.007P0.1 1So 18 -3.3 Li/TiSy
1983-87 MEEP¢ -4 Li/TiS2
1985-92 Plasticized SPE4 -3 Li/VeO13
1985-92 Lio.3510.1200.31P0.1250.098 -4.7 Li/TiSy
1990-92 Llo 39N, 02000 47P0.12 -5.6 Li/a-VzOs

PEO- Po%ez‘yfene oxrole

MEERP - Mef/LOXJeZ‘
SPE

Ayox‘yez‘aoxj pofwoéo.s/o‘azeae

Sokd po bymer efecfwéz‘



CHEMICAL REACTIONS IN SSB

Anodic reaction:

Ne & Na' +e”
2Li>2Li"+2¢
or W'+l &L
Cathodic reaction; _
Na' + Xsee erLNa,Sy ,bo; x¢3
2Li:+2 e +1,«> 2 Lil
or LG 0, e» CS0 Lite

Total reaction:

2Li+L e 2 Lil

The chemical reactions in the Na/S superionic batteries:

2Na + 58 — Na,Ss - Voltage 2.08 V ~ 2.1V
2Na + 4 Na,Ss — 5 Na,S, - Voltage 1.97 V
2Na + 3 Na,S4 — 4 Na,S; - Voltage 1.81 V

The chemical reactions in the Ni-MH cell

Ni(OH),«<—> H,+Ni(OOH)
LaNis+ H, > LaNisH,
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