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Thepowderof Zr0:92 Y0:08 O2 (YSZ), Ce0:9Gd0:1O2¡ ± (GDC) andSm0:15 Ce0:85 O2¡ ± (SDC)compoundsfrom thecom-
pany Fuel Cell Materials wereusedfor sinteringof ceramicsamplesin air at temperatureT = 1673K. The surfaceof the
preparedceramicswas studiedby scanningelectronmicroscopy (SEM) andX-ray photoelectronspectroscopy (XPS). Re-
sultsof the performedXPS investigationsrevealedthat ceriumexists asCe3+ andCe4+ in both the Ce0:9Gd0:1O2¡ ± and
Sm0:15 Ce0:85 O2¡ ± ceramics.XPSspectraof O 1sof all the investigatedmaterialsdemonstratedtwo peakscorrespondingto
oxygenO(1) in crystallatticeandto adsorbedoxygenO(2). Measurementsof complex impedance,electricconductivity, di-
electricpermittivity, andtan ± of dielectriclosseswerecarriedout in frequency range106–1.2¢109 Hz at temperaturesranging
from 300K to 700K. Relaxationdispersionof theelectricparametershasbeenfoundfor all thecompounds.Thedispersionis
causedby theoxygenvacancy (VO ²² ) transportin grainsof theceramicsamples.
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1. Intr oduction

Solid electrolytes(SE) with fastoxygenvacancies'
(VO²² ) transportare attractive materialsfor applica-
tionsin solid oxidefuel cells(SOFC)[1,2]. Yttria sta-
bilized zirconiaZr0:92Y0:08O2 (YSZ) is the most im-
portantSE in SOFCsoperatingin the high tempera-
ture regime. At temperatureT = 1073K in the low
frequency range(10–105 Hz), the valueof total con-
ductivity of YSZ wasfound to be¾t = 1.31S=m [3].
Thebulk conductivity of polycrystallineYSZ thin �lms
depositedby e-beamtechniqueat temperature660 K
was found to be ¾b = 4.12¢10¡ 3 S=m (its activation
energy ¢ E¾ = 0.95 eV) and dependedon techno-
logical conditionsof the �lms' deposition[4]. One
way to lower the operatingtemperatureis to use a
SE with higher VO²² conductivity, suchas gadolinia
doped ceria (GDC) and Sm-dopedceria (SDC). At
temperatureT = 923 K the valuesof ionic conduc-
tivity of Ce0:8Gd0:2O2¡ ± and Ce0:8Sm0:2O2¡ ± were
found to be 2.6 S=m (¢ E¾ = 0.95eV) and3.8 S=m
(¢ E¾ = 0.75 eV) respectively [5]. At the temper-

ature T = 973 K the value of the conductivity of
commercial(CP)andsynthesized(SP)polycrystalline
Ce0:8Gd0:2O1:9 sampleswasfound to be2.6 S=m [6].
At T = 973 K the valuesof the bulk conductivity of
Ce0:85Gd0:15O1:925 and Ce0:85Sm0:15O1:925 ceramics
reach20.9S=m (¢ E¾ = 0.7eV) and9.1S=m (¢ E¾ =
0.69 eV) respectively [7]. The electric conductivity
of Ce0:9Gd0:1O1:95 in a reducingatmospherehaselec-
tronic andionic components.The valueof electronic
componentis causedby themixedCe4+ /Ce3+ valence
in the GDC compound[8]. The above-mentionedin-
vestigationsof electric conductivity of SE were per-
formedin low frequency rangefrom 10¡ 3 to 106 Hz.
Theresultsof X-ray photoelectronspectroscopy (XPS)
investigation of SDC have shown that spectraof O 1s
consistedof doublepeaks[9]. The two peaksrepre-
sentedoxygenO(1) in crystallatticeandanadsorption
oxygenO(2). Thebindingenergy of O(1) is lower than
that of O(2) [9]. The authorsof [10] reportedthat in
GDC thin �lms preparedby spraypyrolysis, in XPS
spectrain theCe3dregionthedifferentlinesbelonging
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Table 1. YSZ, GDC, and SDC compo-
sition, surfacearea(BET) of thepowder,

andrelativedensityof theceramics.

Composition BET, m2=g d, %

Ce0:85 Sm0:15 O2¡ ± 195 94
Ce0:9Gd0:1O2¡ ± 201 85
Zr0:92 Y0:08 O2 129 93

to Ce3d3=2 andCe3d5=2 exist. TheoxygenO 1score
level spectradependonthesputteringtimeof GDCthin
�lms [10]. In theXPSspectraof YSZ theO 1ssignal
canberesolvedinto two peaks,wherethemainpeakat
abindingenergy of 529.4eV belongsto thelatticeoxy-
genandasmalleroneat531.8eV canbeascribedto the
adsorbedoxygen[11]. Thehigh ionic conductivity of
theseSEandpeculiaritiesof the ionic migrationstim-
ulatefurther investigationsof the ionic transportprop-
ertiesin a wide frequency range. Investigation of the
electricpropertiesof materialswith fastion transportat
high frequenciesprovidesuniqueinformationon mass
andcharge transport,polarizationphenomena,andre-
laxationprocessesin suchsystems.In this paper, we
reportthe resultsof investigation of surfacesby scan-
ning electronmicroscopy (SEM) andXPS,aswell as
dataon studyof complex electricalpropertiesof YSZ,
GDC, andSDC ceramicsin the frequency rangefrom
106 to 1.2¢109 Hz andtemperaturerangefrom 300 to
700K.

2. Experiments

CommercialYSZ,GDC,andSDCpowdersfrom the
company FuelCell Materialswereusedfor sinteringof
theceramics.Thepowderwasuniaxially cold-pressed
at150MPa. Thesinteringof ceramicsampleswascon-
ductedin air atT = 1673K. Thesinteringdurationwas
1 h. Thecomposition,BET of thepowder, andrelative
densityof theceramicsarepresentedin Table1.

The scanningelectronmicroscopeJSM 5600 was
usedto investigatethemicrostructureof surfaceof the
ceramics. The elementalcompositionof the ceram-
ics' surfacewasde�ned by XPS(RIEBERLAS-3000,
X-rays with hº = 1486.6 eV, pressurein chamber
10¡ 8 Pa). The XPSPEAK41programwasusedto �t
theexperimentalspectra.Thecomplex electricconduc-
tivity ~¾= ¾0+ i¾00, dielectricpermittivity ~" = " 0¡ i"00,
andimpedance~Z = Z 0¡ iZ 00(whereintrinsicelectrical
impedance½0 = Z 0S=l, ½00= Z 00S=l, S is electrode
area,l is samplelength)of the ceramicswereinvesti-
gatedin air in the frequency rangeof 106–1.2¢109 Hz

(a)

(b)

(c)

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

at300–700K temperaturesby animpedancespectrom-
eterset-up[12].
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(a)

(b)

Fig. 2. Ce3dXPSspectraof (a)GDCand(b) SDCceramics.

Table2. Ce3+ andCe4+ concentrationin
GDCandSDCceramics.

Compound Ce3+ , % Ce4+ , %

Ce0:9Gd0:1O2¡ ± 26.6 72.5
Ce0:85 Sm0:15 O2¡ ± 11.62 88.38

3. Discussionof results

CharacteristicSEM imagesof the YSZ, GDC, and
SDC ceramics'surfacesareshown in Fig. 1 ((a), (b),
and(c) respectively). The relative densityof SDCce-
ramicis higherandgrainsizesaresmallercomparedto
YSZ or GDCceramics.

The Ce 3d XPS spectraat room temperatureof in-
vestigatedceramicsareshown in Fig.2. Toexcludeany
effectson valuesof bindingenergiesdueto thecharg-
ing of samplesduringXPSanalysis,all datawerecor-
rectedby alinearshift suchthatpeakmaximumof C 1s
bindingenergy of adventitiouscarboncorrespondedto
284.6 eV. The spectraare presentedafter the back-
ground(Shirley background)hasbeensubtractedand
the arenormalizedto the max value[13]. The Ce 3d

Fig. 3. O 1sX-ray photoelectronspectrumof YSZ.

spectrumis divided into 10 componentsas shown in
Fig. 2(a,b). Thelines4, 4', 5, and5' appearfor Ce2O3
and1, 1', 2, 2', 3, and3' appearfor CeO2 in GDC and
SDC.Theconcentrationof Ce3+ in GDCandSDCcan
bedeterminedfrom theequations[14]

[Ce3+ ] » S4 + S40
+ S5 + S50

;

[Ce4+ ] » S1 + S10
+ S2 + S20

+ S3 + S30
;

[Ce3+ ]%= 100
[Ce3+ ]

[Ce3+ ] + [Ce4+ ]
; (1)

whereS1, S10
, S2, S20

, S3, S30
, S4, S40

, S5, andS50

aretheareasundercurves1, 1', 2, 2', 3, 3', 4, 4', 5, and
5' respectively. Theconcentrationof Ce3+ in GDCand
SDCis shown in Table2.

Typical O 1sX-ray photoelectronspectrumof YSZ
is shown in Fig. 3. The resultsof the XPS investi-
gation show that spectraof O 1s of YSZ, GDC, and
SDCceramicsconsistof doublepeaks.Thetwo peaks
representoxygenO(1) in crystallatticeandanadsorp-
tion oxygenO(2) as in [9,11]. The binding energies
of O(1) of YSZ, GDC,andSDCare529.4,529.4,and
528.6eV respectively. Thebindingenergiesof O(2)of
YSZ, GDC,andSDCwerefoundto be531.8,531.05,
and530.9eV respectively. Theelementalcompositions
of theinvestigatedceramicshavebeenfoundfrom XPS
aftereliminationof C¡ O,C= O,andC¡ H groups.The
elementalcompositionsarepresentedin Table3.

Characteristicfrequency dependencesof realpartof
complex electric conductivity Re(¾) of GDC, SDC,
andYSZ ceramicsat temperatureT = 700K arepre-
sentedin Fig. 4.

The dispersionregion hasbeenfound in the Re(¾)
spectraof all investigated ceramics. The dispersion
processesarerelatedto ion transportin thebulk of the
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Table3. Elementalcompositionsof GDC,SDC,andYSZ compounds.

Compound Zr, % Y, % Ce,% Gd,% Sm,% O, %

Ce0:85 Sm0:15 O2¡ ± – – 16.5 – 9.27 74.23
Ce0:9Gd0:1O2¡ ± – – 16.32 5.08 – 78.6
Zr0:92 Y0:08 O2 22.84 6.59 – – – 70.57

Table4. Bulk ionic conductivities (¾b ) andtheir activation energies
(¢ E¾), activationenergiesof relaxationfrequencies(¢ E f ), theval-
uesof dielectric permittivity measuredat 100 MHz frequency, and

tan ± of GDC,SDC,andYSZ ceramicsat650K.

Compound ¾b , S=m ¢ E¾, eV ¢ E f , eV " 0 tan ±

GDC 1.18¢10¡ 1 0.66 0.67 36.8 0.842
SDC 1.14¢10¡ 1 0.66 0.69 39.4 0.770
YSZ 7.24¢10¡ 4 1.00 – 35.8 0.127

Fig. 4. Frequency dependencesof therealpartof complex electric
conductivity of GDC,SDC,andYSZ ceramicsat temperatureT =

650K.

Fig. 5. Complex planeimpedanceplotsof GDCandSDCceramics
at temperatureT = 650K.

ceramics.Thedispersionprocessis thermallyactivated
anddispersionregionsshift towardshigherfrequencies
with the increaseof temperature.Thetemperaturede-

Fig. 6. Temperaturedependencesof the bulk conductivities of
GDC,SDC,andYSZ ceramics.

pendencesof the bulk electric conductivity were de-
rivedfrom the½00(½0) and¾00(¾0) plotsatdifferenttem-
peratures.The ½00(½0) plots of GDC, SDC, and YSZ
ceramicsat temperatureT = 700 K arepresentedin
Fig. 5. Temperaturedependencesof the bulk conduc-
tivity of investigatedceramicsarepresentedin Fig. 6.
Typical temperaturedependencesof bulk conductivity
of investigatedceramicsareshown asArrheniusplots
(log¾b against103=T). Thevaluesof thebulk conduc-
tivity andcorrespondingactivation energies¢ E¾ at a
650K temperatureof theinvestigatedceramicsarepre-
sentedin Table4.

The characteristicfrequency f b of the relaxation
processesin the bulk at different temperaturesis ob-
tained from maxima of the Im ½(f ) dependences.
Characteristicfrequency dependencesof Im ½of GDC
ceramicsat different temperaturesare presentedin
Fig.7. Thetemperaturedependencesof f b of GDCand
SDC ceramicsarepresentedin Fig. 8. The relaxation
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Fig. 7. Frequency dependencesof theimaginarypartof impedance
of aGDCceramicatdifferenttemperature.

Fig. 8. Temperaturedependencesof relaxationfrequenciesin bulk
of GDCandSDCceramics.

frequency f b increaseswith temperatureaccordingto
Arrhenius law: f b = f 0 exp[¢ E f =(k T)], wheref 0

is an attemptfrequency relatedto phonon,k is Boltz-
mann's constant.Theactivationenergiesof relaxation
frequency (¢ E f ) werecalculatedfrom thetemperature
dependencesof relaxationfrequenciesin thebulk of all
investigatedceramicsand the valuesare presentedin
Table4. Thevaluesof ¢ E f arein goodagreementwith
the valuesof ¢ E¾. This fact leadsto the conclusion
that the temperaturedependencesof ¾b of the ceram-
ics may be causedby the temperaturedependenceof
themobility of fastoxygenvacancies.Suchion trans-
port peculiaritiesare dominantin Na+ and VO²² SE
[15,16].

(a)

(b)

Fig. 9. Temperaturedependencesof (a) dielectricpermittivity and
(b) tan ± of GDC,SDC,andYSZ ceramicsmeasuredat100MHz.

Temperaturedependencesof the dielectric permit-
tivity and dielectric lossestan ± were investigatedat
100 MHz frequency. In Fig. 9 the dielectric permit-
tivity andtan ± of GDC, SDC,andYSZ ceramicsare
shown asfunctionsof temperature.The valuesof the
permittivity of investigatedceramicsmayberelatedto
thecontributionsof polarizationof thefastoxygenva-
cancies'migration,vibration of lattice, andelectronic
polarization. The increaseof tan ± with temperature
canbecausedby theincreaseof conductivity of inves-
tigatedsamples.

4. Conclusions

GDC, SDC, and YSZ powders from the com-
pany Fuel Cell Materials were usedfor sinteringthe
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ceramics.The surfacesof ceramicswereinvestigated
by SEMandXPS.Theinvestigationof electricalprop-
erties of ceramicswas carried out in the frequency
rangefrom 106 to 1.2¢109 Hz and temperaturerange
from 300 to 700 K by complex impedancespec-
troscopy. The relaxationtype dispersionof electrical
parameterswasfound. The relaxationprocessis pre-
sumablyrelatedto the VO²² transportin grainsof the
ceramics.Contribution of differentpolarizationtypes
to dielectricpermittivity of thebulk of theinvestigated
ceramicsis discussed.
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Santrauka

PagamintosZr0;92 Y0;08 O2 (YSZ), Ce0;9Gd0;1O2¡ ± (GDC) ir
Sm0;15 Ce0;85 O2¡ ± (SDC) jungini �u keramikos. Keramik�u gamy-
bai naudoti�rmos „Fuel Cell Materials“ milteliai. Vis �u jungini �u
keramikosbuvo kepinamos1 h T = 1773K temperat̄uroje. Kera-
mik �u paviršiai tirti skenuojan�ciu elektroniniumikroskopu (SEM)
bei Rentgenospinduli�u fotoelektronin�es spektroskopijos (XPS)
metodu. XPS tyrim �u rezultatai�igalino patikslinti matuot�u jungi-

ni �u elementin�e sud�et�i. Parodyta,kad SDC bei GDC junginiuose
be trivalen�ci �u Ce3+ jon �u aptinkami ir keturvalen�ciai Ce4+ kati-
jonai. Kompleksiniskeramik�u laidis, kompleksin�e var�a, dielekt-
rin�e skvarbair tan ± ištirti 106–1,2¢109 Hz da�ni �u ruo�e ir 300–
700K temperat̄ur �u intervale. Visuosejunginiuoseaptiktarelaksa-
cin�e elektrini �u parametr�u dispersija.Ši dispersijaatsirandad�el de-
guoniesvakansij�u (VO ²² ) pernašoskiet �uj �u elektrolit �u keramikos
kristalituose.


