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The powderof Zrg.92 Y0:08 02 (YSZ), Cay.9Gy:102; + (GDC)andSmy.15 Cey:5 O2; + (SDC)compoundgrom the com-
pary Fuel Cell Materials were usedfor sinteringof ceramicsamplesn air at temperaturél’ = 1673K. The surfaceof the
preparedceramicswas studiedby scanningelectronmicroscoy (SEM) and X-ray photoelectrorspectroscop (XPS). Re-
sults of the performedXPS investicationsrevealedthat cerium exists as Ce** and Ce** in both the Cey.9Gdh:102; + and
Smy:15 Cey.g5 O2; + ceramics. XPS spectraof O 1sof all theinvestigatedmaterialsdiemonstratetivo peakscorrespondingo
oxygenO(1) in crystallattice andto adsorbedxygenO(2). Measurementsf comple« impedanceglectricconductvity, di-
electricpermittivity, andtan + of dielectriclossesverecarriedoutin frequeng range10°—1.2110° Hz attemperaturesanging
from 300K to 700K. Relaxationdispersiorof theelectricparameterfiasbeenfoundfor all thecompoundsThedispersioris
causedy theoxygenvacang (V,= ) transportn grainsof the ceramicsamples.
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1. Intr oduction

Solid electrolytes(SE) with fastoxygenvacancies'
(Vo= ) transportare attractve materialsfor applica-
tionsin solid oxidefuel cells(SOFC)[1, 2]. Yttria sta-
bilized zirconia Zrp:g2Y 0:0802 (YSZ) is the mostim-
portantSE in SOFCsoperatingin the high tempera-
ture regime. At temperaturel = 1073K in the low
frequeny range(10-1C Hz), the value of total con-
ductvity of YSZ wasfoundto be% = 1.31S=m [3].
Thebulk conductvity of polycrystallineYSZ thin Ims
depositedby e-beamtechniqueat temperatures60 K
wasfoundto be % = 4.12110' 3 S=m (its activation
enegy ¢ Ey, = 0.95eV) and dependedon techno-
logical conditionsof the Ims' deposition[4]. One
way to lower the operatingtemperatureis to use a
SE with higherV,= conductvity, suchas gadolinia
doped ceria (GDC) and Sm-dopedceria (SDC). At
temperaturel = 923 K the valuesof ionic conduc-
tivity of Cen.gGdy:20y; + and Cey.gSmy:20,; + were
foundto be 2.6 S=m (¢ Es, = 0.95eV) and 3.8 S=m
(¢ Ey, = 0.75eV) respectrely [5]. At the temper
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ature T = 973 K the value of the conductvity of
commercial(CP) andsynthesizedSP)polycrystalline
Cey:sGdy:201.9 samplesvasfoundto be 2.6 S=m [6].
At T = 973K the valuesof the bulk conductvity of
Cen:g5Gy:1501:925 and Cep.gsSmy:1501:925 ceramics
reach20.9S=m (¢ Es,= 0.7eV)and9.1S=m (¢ Es, =
0.69 eV) respectiely [7]. The electric conductvity
of Ceay.90Gdy:101:95 in areducingatmospherdaselec-
tronic andionic components.The value of electronic
componentis causedy the mixed Ce** /Ce** valence
in the GDC compound8]. The abore-mentionedn-
vestications of electric conductvity of SE were per
formedin low frequeny rangefrom 10 2 to 10° Hz.
Theresultsof X-ray photoelectrorspectroscop (XPS)
investigation of SDC have shown that spectraof O 1s
consistedof doublepeaks[9]. The two peaksrepre-
sentedoxygenO(1) in crystallatticeandanadsorption
oxygenO(2). Thebindingenegy of O(1) is lowerthan
thatof O(2) [9]. The authorsof [10] reportedthatin
GDC thin Ims preparedby spraypyrolysis, in XPS
spectran theCe3dregionthedifferentlinesbelonging

ISSN1648-8504



318 A.Ke ionis etal. / LithuanianJ. Phys.49, 317-322(2009)

Tablel. YSZ, GDC, and SDC compo-
sition, surfacearea(BET) of the powder,
andrelative densityof the ceramics.

Composition BET,m?’=g d,%
Cen:g5SMy:1502; + 195 94
CQ):QGd):1021 + 201 85
Zr0:92 Y 0:08 O2 129 93

to Ce3dz-, andCe 3ds-, exist. TheoxygenO 1lscore
level spectradependnthesputteringime of GDCthin

Ims [10]. In the XPS spectraof YSZ the O 1ssignal
canberesolhedinto two peakswherethemainpeakat

abindingenegy of 529.4eV belongdo thelatticeoxy-

genandasmalleroneat531.8eV canbeascribedo the

adsorbedxygen[11]. The high ionic conductvity of
theseSE andpeculiaritiesof the ionic migrationstim-

ulatefurtherinvestigationsof theionic transportprop-
ertiesin a wide frequeng range. Investigation of the

electricpropertief materialswith fastion transportat
high frequenciegprovidesunigueinformationon mass
andchage transport polarizationphenomenaandre-

laxation processedn suchsystems.In this paper we

reportthe resultsof investigation of surfacesby scan-
ning electronmicroscoly (SEM) and XPS, aswell as
dataon studyof comple electricalpropertiesof YSZ,

GDC, andSDC ceramicsn the frequeng rangefrom

10° to 1.2410° Hz andtemperatureangefrom 300 to

700K.

2. Experiments

CommercialySz, GDC,andSDCpowdersfromthe
compan Fuel Cell Materialswereusedfor sinteringof
the ceramics.The powderwasuniaxially cold-pressed
at150MPa. Thesinteringof ceramicsamplesvascon-
ductedn airatT = 1673K. Thesinteringdurationwas
1 h. ThecompositionBET of the powder, andrelative
densityof theceramicsarepresentedn Tablel.

The scanningelectronmicroscopeJSM 5600 was
usedto investigatethe microstructureof surfaceof the
ceramics. The elementalcompositionof the ceram-
ics' surfacewasde ned by XPS (RIEBER LAS-3000,
X-rays with h® = 1486.6eV, pressurein chamber
10 @ Pa). The XPSPEAK41programwasusedto t
theexperimentakpectraThecomple electricconduc-
tivity %= ¥+ %20 dielectricpermittivity == "% "
andimpedanc& = 29 iz%Qwhereintrinsicelectrical
impedance? = 70S=l, 18%= 79%5=|, S is electrode
area,| is samplelength)of the ceramicswereinvesti-
gatedin air in the frequeny rangeof 10°-1.2010° Hz

Fig. 1. SEM imagesof the surfacesof (a) YSZ, (b) GDC, and
(c) SDCceramics.

at300-700K temperatureby animpedancepectrom-
eterset-up[12].
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Fig. 2. Ce3d XPSspectreof (a) GDC and(b) SDCceramics.
Table2. Ce* andCe** concentratiorin

GDC andSDCceramics.
Compound cet % Cé' %

Ce:9Gth:10y; + 26.6 72.5
CQ);gsSI’Tb;lsozi + 11.62 88.38

3. Discussionof results

CharacteristicSEM imagesof the YSZ, GDC, and
SDC ceramics'surfacesare shavn in Fig. 1 ((a), (b),
and(c) respectiely). Therelative densityof SDC ce-
ramicis higherandgrainsizesaresmallercomparedo
YSZ or GDC ceramics.

The Ce 3d XPS spectraat room temperaturef in-
vestigatedceramicsaareshavnin Fig. 2. To excludeary
effectson valuesof binding enepgiesdueto the chag-
ing of samplesduring XPS analysis all datawerecor-
rectedby alinearshift suchthatpeakmaximumof C 1s
bindingenegy of adwentitiouscarboncorrespondetb
284.6 eV. The spectraare presentedafter the back-
ground(Shirley backgroundhasbeensubtractedand
the are normalizedto the max value[13]. The Ce 3d
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Fig. 3. O 1sX-ray photoelectrorspectrunof YSZ.

spectrumis divided into 10 componentsas showvn in
Fig. 2(a,b). Thelines4, 4', 5, and5' appearfor Ce;O3
andl, 1', 2, 2', 3, and3' appearfor Ce(, in GDC and
SDC.Theconcentratiomf Ce** in GDCandSDCcan
bedeterminedrom the equationg14]

[Ce* ]» S*+ S+ S5+ 5°°;
[Ce™]» St+ S+ S2+ 52+ s34+ 5°:

[Ce1 |
[Ce™ ]+ [Ce™ ]’

wherest, ST, 82, 5%, 33, ¥ 54 5% S5 andS®’
aretheareasundercurwesl, 1', 2, 2', 3,3', 4,4', 5, and
5' respectiely. Theconcentratiof Ce** in GDCand
SDCis shavnin Table2.

Typical O 1s X-ray photoelectrorspectrumof YSZ
is shavn in Fig. 3. The resultsof the XPS investi-
gation shawv that spectraof O 1s of YSZ, GDC, and
SDC ceramicsconsistof doublepeaks.Thetwo peaks
represenbxygenO(1) in crystallatticeandanadsorp-
tion oxygenO(2) asin [9,11]. The binding enepies
of O(1) of YSZ, GDC,andSDCare529.4,529.4,and
528.6eV respectrely. Thebindingenegiesof O(2) of
YSZ,GDC,andSDCwerefoundto be531.8,531.05,
and530.9eV respectrely. Theelementatompositions
of theinvestigatedceramicshave beenfoundfrom XPS
aftereliminationof Cij O,C=0,andCj H groups.The
elementatompositionsaarepresentedn Table3.

Characteristidrequeny dependencesf real partof
comple electric conductvity Re(¥) of GDC, SDC,
andYSZ ceramicsat temperaturd = 700K arepre-
sentedn Fig. 4.

Thedispersiorregion hasbeenfoundin the Re(¥)
spectraof all investigated ceramics. The dispersion
processesarerelatedto ion transportin the bulk of the

(1)

[Ce* %= 100
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Table3. Elementakompositionof GDC, SDC,andYSZ compounds.

Compound Znr% Y,% Ce,% Gd,% Sm% O,%
Cep:g5SMy:150z; + - - 16.5 - 9.27 74.23
CQ):QGd):loZi + - - 16.32 5.08 - 78.6
Zro-92 Y 0:08 02 22.84 6.59 - - — 70.57

Table4. Bulk ionic conductvities (%) andtheir activation enegies

(¢ Es), actvationenegiesof relaxationfrequencieg¢ E+ ), theval-

uesof dielectric permittivity measuredcat 100 MHz frequeng, and
tan = of GDC,SDC,andYSZ ceramicsat 650K.

Compound %,,Sm ¢Es eV ¢E;,ev "% tans
GDC 1.1810 * 0.66 0.67 36.8 0.842
SDC 1.14110 * 0.66 0.69 39.4 0.770
YSZ 7.2410 4 1.00 - 35.8 0.127
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Fig. 4. Frequeng dependencesf thereal partof comple electric
conductvity of GDC,SDC,andYSZ ceramicsattemperaturd =

650K.
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Fig. 5. Comple planeimpedancelotsof GDC andSDC ceramics
attemperaturd = 650K.

ceramics.Thedispersiomrocesss thermallyactivated
anddispersiorregionsshift towardshigherfrequencies
with the increaseof temperature The temperaturele-

10%T, K"

Fig. 6. Temperaturedependencesf the bulk conductvities of
GDC,SDC,andYSZ ceramics.

pendence®f the bulk electric conductvity were de-
rivedfrom the2914) and3#¢34) plotsat differenttem-
peratures. The 12949 plots of GDC, SDC, and YSZ
ceramicsat temperaturel = 700K are presentedn

Fig. 5. Temperaturelependencesf the bulk conduc-
tivity of investigatedceramicsare presentedn Fig. 6.

Typical temperaturelependencesf bulk conductvity

of investicatedceramicsare shavn asArrheniusplots
(log %, agpinst103=T). Thevaluesof thebulk conduc-
tivity andcorrespondingctivation enegies¢ Ey, ata
650K temperaturef theinvestigatedceramicsarepre-
sentedn Table4.

The characteristicfrequeng f, of the relaxation
processesn the bulk at differenttemperaturess ob-
tained from maxima of the Im “£f) dependences.
Characteristidrequeny dependencesf Im ¥20f GDC
ceramicsat different temperaturesare presentedin
Fig. 7. Thetemperaturelependencesf f , of GDCand
SDC ceramicsare presentedn Fig. 8. The relaxation
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Fig. 7. Frequeng dependencesf theimaginarypartof impedance
of aGDC ceramicat differenttemperature.

Fig. 8. Temperaturelependencesf relaxationfrequenciesn bulk
of GDC andSDC ceramics.

frequeng fy, increasesvith temperatureaccordingto
Arrheniuslaw: fy, = foexp[¢ Es=(k T)], wherefgq
is an attemptfrequeng relatedto phonon,k is Boltz-
manns constant.The activation enegiesof relaxation
frequeng (¢ E; ) werecalculatedrom thetemperature
dependencesf relaxationfrequenciesn thebulk of all
investigated ceramicsand the valuesare presentedn
Table4. Thevaluesof ¢ E¢ arein goodagreemenivith
the valuesof ¢ Es, This factleadsto the conclusion
that the temperaturelependencesf ¥, of the ceram-
ics may be causedby the temperaturadlependencef
the mobility of fastoxygenvacancies.Suchion trans-
port peculiaritiesare dominantin Na* andV,= SE
[15,16].

@)

(b)
Fig. 9. Temperaturelependencesf (a) dielectricpermittivity and
(b) tan £ of GDC, SDC,andYSZ ceramicaneasuret 100 MHz.

Temperaturedependencesf the dielectric permit-
tivity and dielectric lossestan + were investigated at
100 MHz frequeng. In Fig. 9 the dielectric permit-
tivity andtan + of GDC, SDC,andYSZ ceramicsare
shavn asfunctionsof temperature.The valuesof the
permittivity of investigatedceramicamay berelatedto
the contritutionsof polarizationof the fastoxygenva-
cancies'migration, vibration of lattice, and electronic
polarization. The increaseof tan + with temperature
canbe causedy theincreaseof conductvity of inves-
tigatedsamples.

4. Conclusions

GDC, SDC, and YSZ powders from the com-
pary Fuel Cell Materials were usedfor sinteringthe
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ceramics. The surfacesof ceramicswereinvesticgated
by SEM andXPS.Theinvestigationof electricalprop-
erties of ceramicswas carried out in the frequeng
rangefrom 10° to 1.2¢10° Hz and temperaturgange
from 300 to 700 K by complex impedancespec-
troscopy. The relaxationtype dispersionof electrical
parametersvasfound. The relaxationprocesss pre-
sumablyrelatedto the V= transportin grainsof the
ceramics. Contritution of differentpolarizationtypes
to dielectricpermittivity of the bulk of theinvesticated
ceramicds discussed.
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DEGUONIES VAKANSIJ U PERNASOS YPATUMAI SUPERJONINESE KERAMIK OSE
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Santrauka

PagamintosZro;ngo;ogoz (YSZ), CQ);ngo;lozi + (GDC) ir
Sy 15 Cey:85 Oz; + (SDC) junginiu keramilos. Keramiku gamy-
bai naudoti rmos ,Fuel Cell Materials" milteliai. Visu junginiu
keramilos buvo kepinamosl h T = 1773K temperatroje. Kera-
miku pavirSiai tirti skenuojarmiu elektroniniumikroskopu (SEM)
bei Rentgenospindulu fotoelektronires spektroskpijos (XPS)
metodu. XPS tyrimu rezultataiigalino patikslinti matuoti jungi-

niu elementie suckt. Parodyta,kad SDC bei GDC junginiuose
be trivalerciu C€* jonu aptinkamiir ketunalerciai Ce** kati-
jonai. Kompleksiniskeramiku laidis, kompleksire var a, dielekt-
rine skvarbair tan # istirti 10°—1,210° Hz da niu ruo e ir 300—
700K temperatru intervale. Visuosejunginiuoseaptiktarelaksa-
cine elektriniu parametn dispersija.Si dispersijaatsirandadel de-
guoniesvakansiyi (Vo= ) pernaSokietuju elektrolitu keramilos
kristalituose.



