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The powder of Zr0.92Y0.08O2 (YSZ), Ce0.9Gd0.1O2−δ (GDC) and Sm0.15Ce0.85O2−δ (SDC) compounds from the company
Fuel Cell Materials were used for sintering of ceramic samples in air at temperature T = 1673 K. The surface of the prepared
ceramics was studied by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). Results of the per-
formed XPS investigations revealed that cerium exists as Ce3+ and Ce4+ in both the Ce0.9Gd0.1O2−δ and Sm0.15Ce0.85O2−δ

ceramics. XPS spectra of O 1s of all the investigated materials demonstrated two peaks corresponding to oxygen O(1) in crystal
lattice and to adsorbed oxygen O(2). Measurements of complex impedance, electric conductivity, dielectric permittivity, and
tan δ of dielectric losses were carried out in frequency range 106–1.2·109 Hz at temperatures ranging from 300 K to 700 K.
Relaxation dispersion of the electric parameters has been found for all the compounds. The dispersion is caused by the oxygen
vacancy (VO•• ) transport in grains of the ceramic samples.
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1. Introduction

Solid electrolytes (SE) with fast oxygen vacancies’
(VO•• ) transport are attractive materials for applications
in solid oxide fuel cells (SOFC) [1, 2]. Yttria stabilized
zirconia Zr0.92Y0.08O2 (YSZ) is the most important SE
in SOFCs operating in the high temperature regime. At
temperature T = 1073 K in the low frequency range
(10–105 Hz), the value of total conductivity of YSZ was
found to be σt = 1.31 S/m [3]. The bulk conductivity
of polycrystalline YSZ thin films deposited by e-beam
technique at temperature 660 K was found to be σb =
4.12·10−3 S/m (its activation energy ∆Eσ = 0.95 eV)
and depended on technological conditions of the films’
deposition [4]. One way to lower the operating temper-
ature is to use a SE with higher VO•• conductivity, such
as gadolinia doped ceria (GDC) and Sm-doped ceria
(SDC). At temperature T = 923 K the values of ionic
conductivity of Ce0.8Gd0.2O2−δ and Ce0.8Sm0.2O2−δ

were found to be 2.6 S/m (∆Eσ = 0.95 eV) and
3.8 S/m (∆Eσ = 0.75 eV) respectively [5]. At the
temperature T = 973 K the value of the conductivity of

commercial (CP) and synthesized (SP) polycrystalline
Ce0.8Gd0.2O1.9 samples was found to be 2.6 S/m [6].
At T = 973 K the values of the bulk conductivity of
Ce0.85Gd0.15O1.925 and Ce0.85Sm0.15O1.925 ceramics
reach 20.9 S/m (∆Eσ = 0.7 eV) and 9.1 S/m (∆Eσ =
0.69 eV) respectively [7]. The electric conductivity
of Ce0.9Gd0.1O1.95 in a reducing atmosphere has elec-
tronic and ionic components. The value of electronic
component is caused by the mixed Ce4+/Ce3+ valence
in the GDC compound [8]. The above-mentioned in-
vestigations of electric conductivity of SE were per-
formed in low frequency range from 10−3 to 106 Hz.
The results of X-ray photoelectron spectroscopy (XPS)
investigation of SDC have shown that spectra of O 1s
consisted of double peaks [9]. The two peaks repre-
sented oxygen O(1) in crystal lattice and an adsorption
oxygen O(2). The binding energy of O(1) is lower than
that of O(2) [9]. The authors of [10] reported that in
GDC thin films prepared by spray pyrolysis, in XPS
spectra in the Ce 3d region the different lines belonging
to Ce 3d3/2 and Ce 3d5/2 exist. The oxygen O 1s core
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Table 1. YSZ, GDC, and SDC compo-
sition, surface area (BET) of the powder,

and relative density of the ceramics.

Composition BET, m2/g d, %

Ce0.85Sm0.15O2−δ 195 94
Ce0.9Gd0.1O2−δ 201 85
Zr0.92Y0.08O2 129 93

level spectra depend on the sputtering time of GDC thin
films [10]. In the XPS spectra of YSZ the O 1s signal
can be resolved into two peaks, where the main peak at
a binding energy of 529.4 eV belongs to the lattice oxy-
gen and a smaller one at 531.8 eV can be ascribed to the
adsorbed oxygen [11]. The high ionic conductivity of
these SE and peculiarities of the ionic migration stim-
ulate further investigations of the ionic transport prop-
erties in a wide frequency range. Investigation of the
electric properties of materials with fast ion transport at
high frequencies provides unique information on mass
and charge transport, polarization phenomena, and re-
laxation processes in such systems. In this paper, we
report the results of investigation of surfaces by scan-
ning electron microscopy (SEM) and XPS, as well as
data on study of complex electrical properties of YSZ,
GDC, and SDC ceramics in the frequency range from
106 to 1.2·109 Hz and temperature range from 300 to
700 K.

2. Experiments

Commercial YSZ, GDC, and SDC powders from the
company Fuel Cell Materials were used for sintering of
the ceramics. The powder was uniaxially cold-pressed
at 150 MPa. The sintering of ceramic samples was con-
ducted in air at T = 1673 K. The sintering duration was
1 h. The composition, BET of the powder, and relative
density of the ceramics are presented in Table 1.

The scanning electron microscope JSM 5600 was
used to investigate the microstructure of surface of the
ceramics. The elemental composition of the ceram-
ics’ surface was defined by XPS (RIEBER LAS-3000,
X-rays with hν = 1486.6 eV, pressure in chamber
10−8 Pa). The XPSPEAK41 program was used to fit
the experimental spectra. The complex electric conduc-
tivity σ̃ = σ′+ iσ′′, dielectric permittivity ε̃ = ε′− iε′′,
and impedance Z̃ = Z ′−iZ ′′ (where intrinsic electrical
impedance ρ′ = Z ′ S/l, ρ′′ = Z ′′ S/l, S is electrode
area, l is sample length) of the ceramics were investi-
gated in air in the frequency range of 106–1.2·109 Hz at
300–700 K temperatures by an impedance spectrometer
set-up [12].

(a)

(b)

(c)
Fig. 1. SEM images of the surfaces of (a) YSZ, (b) GDC, and

(c) SDC ceramics.

3. Discussion of results

Characteristic SEM images of the YSZ, GDC, and
SDC ceramics’ surfaces are shown in Fig. 1 ((a), (b),
and (c) respectively). The relative density of SDC ce-
ramic is higher and grain sizes are smaller compared to
YSZ or GDC ceramics.
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(a)

(b)
Fig. 2. Ce 3d XPS spectra of (a) GDC and (b) SDC ceramics.

Table 2. Ce3+ and Ce4+ concentration in
GDC and SDC ceramics.

Compound Ce3+, % Ce4+, %

Ce0.9Gd0.1O2−δ 26.6 72.5
Ce0.85Sm0.15O2−δ 11.62 88.38

The Ce 3d XPS spectra at room temperature of in-
vestigated ceramics are shown in Fig. 2. To exclude any
effects on values of binding energies due to the charg-
ing of samples during XPS analysis, all data were cor-
rected by a linear shift such that peak maximum of C 1s
binding energy of adventitious carbon corresponded to
284.6 eV. The spectra are presented after the back-
ground (Shirley background) has been subtracted and
the are normalized to the max value [13]. The Ce 3d
spectrum is divided into 10 components as shown in
Fig. 2(a, b). The lines 4, 4’, 5, and 5’ appear for Ce2O3

and 1, 1’, 2, 2’, 3, and 3’ appear for CeO2 in GDC and
SDC. The concentration of Ce3+ in GDC and SDC can
be determined from the equations [14]

[Ce3+]∼S4 + S4′ + S5 + S5′ ,

Fig. 3. O 1s X-ray photoelectron spectrum of YSZ.

[Ce4+]∼S1 + S1′ + S2 + S2′ + S3 + S3′ ,

[Ce3+]%=100
[Ce3+]

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

where S1, S1′ , S2, S2′ , S3, S3′ , S4, S4′ , S5, and S5′

are the areas under curves 1, 1’, 2, 2’, 3, 3’, 4, 4’, 5, and
5’ respectively. The concentration of Ce3+ in GDC and
SDC is shown in Table 2.

Typical O 1s X-ray photoelectron spectrum of YSZ
is shown in Fig. 3. The results of the XPS investiga-
tion show that spectra of O 1s of YSZ, GDC, and SDC
ceramics consist of double peaks. The two peaks rep-
resent oxygen O(1) in crystal lattice and an adsorption
oxygen O(2) as in [9, 11]. The binding energies of O(1)
of YSZ, GDC, and SDC are 529.4, 529.4, and 528.6 eV
respectively. The binding energies of O(2) of YSZ,
GDC, and SDC were found to be 531.8, 531.05, and
530.9 eV respectively. The elemental compositions of
the investigated ceramics have been found from XPS af-
ter elimination of C−O, C=O, and C−H groups. The
elemental compositions are presented in Table 3.

Characteristic frequency dependences of real part of
complex electric conductivity Re(σ) of GDC, SDC, and
YSZ ceramics at temperature T = 700 K are presented
in Fig. 4.

The dispersion region has been found in the Re(σ)
spectra of all investigated ceramics. The dispersion pro-
cesses are related to ion transport in the bulk of the ce-
ramics. The dispersion process is thermally activated
and dispersion regions shift towards higher frequencies
with the increase of temperature. The temperature de-
pendences of the bulk electric conductivity were de-
rived from the ρ′′(ρ′) and σ′′(σ′) plots at different tem-
peratures. The ρ′′(ρ′) plots of GDC, SDC, and YSZ
ceramics at temperature T = 700 K are presented in
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Table 3. Elemental compositions of GDC, SDC, and YSZ compounds.

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

Ce0.85Sm0.15O2−δ – – 16.5 – 9.27 74.23
Ce0.9Gd0.1O2−δ – – 16.32 5.08 – 78.6
Zr0.92Y0.08O2 22.84 6.59 – – – 70.57

Fig. 4. Frequency dependences of the real part of complex electric
conductivity of GDC, SDC, and YSZ ceramics at temperature T =

650 K.

Fig. 5. Complex plane impedance plots of GDC and SDC ceramics
at temperature T = 650 K.

Fig. 5. Temperature dependences of the bulk conduc-
tivity of investigated ceramics are presented in Fig. 6.
Typical temperature dependences of bulk conductivity
of investigated ceramics are shown as Arrhenius plots
(logσb against 103/T ). The values of the bulk conduc-
tivity and corresponding activation energies ∆Eσ at a
650 K temperature of the investigated ceramics are pre-
sented in Table 4.

The characteristic frequency fb of the relaxation pro-
cesses in the bulk at different temperatures is obtained
from maxima of the Im ρ(f) dependences. Characteris-
tic frequency dependences of Im ρ of GDC ceramics at

Fig. 6. Temperature dependences of the bulk conductivities of
GDC, SDC, and YSZ ceramics.

Fig. 7. Frequency dependences of the imaginary part of impedance
of a GDC ceramic at different temperature.

different temperatures are presented in Fig. 7. The tem-
perature dependences of fb of GDC and SDC ceramics
are presented in Fig. 8. The relaxation frequency fb in-
creases with temperature according to Arrhenius law:
fb = f0 exp[∆Ef/(k T )], where f0 is an attempt fre-
quency related to phonon, k is Boltzmann’s constant.
The activation energies of relaxation frequency (∆Ef )
were calculated from the temperature dependences of
relaxation frequencies in the bulk of all investigated ce-
ramics and the values are presented in Table 4. The
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Table 4. Bulk ionic conductivities (σb) and their activation energies
(∆Eσ), activation energies of relaxation frequencies (∆Ef ), the val-
ues of dielectric permittivity measured at 100 MHz frequency, and

tan δ of GDC, SDC, and YSZ ceramics at 650 K.

Compound σb, S/m ∆Eσ , eV ∆Ef , eV ε′ tan δ

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. 8. Temperature dependences of relaxation frequencies in bulk
of GDC and SDC ceramics.

values of ∆Ef are in good agreement with the values of
∆Eσ. This fact leads to the conclusion that the temper-
ature dependences of σb of the ceramics may be caused
by the temperature dependence of the mobility of fast
oxygen vacancies. Such ion transport peculiarities are
dominant in Na+ and VO•• SE [15, 16].

Temperature dependences of the dielectric permit-
tivity and dielectric losses tan δ were investigated at
100 MHz frequency. In Fig. 9 the dielectric permittivity
and tan δ of GDC, SDC, and YSZ ceramics are shown as
functions of temperature. The values of the permittivity
of investigated ceramics may be related to the contribu-
tions of polarization of the fast oxygen vacancies’ mi-
gration, vibration of lattice, and electronic polarization.
The increase of tan δ with temperature can be caused by
the increase of conductivity of investigated samples.

4. Conclusions

GDC, SDC, and YSZ powders from the company
Fuel Cell Materials were used for sintering the ceramics.
The surfaces of ceramics were investigated by SEM and

(a)

(b)
Fig. 9. Temperature dependences of (a) dielectric permittivity and
(b) tan δ of GDC, SDC, and YSZ ceramics measured at 100 MHz.

XPS. The investigation of electrical properties of ce-
ramics was carried out in the frequency range from 106
to 1.2·109 Hz and temperature range from 300 to 700 K
by complex impedance spectroscopy. The relaxation
type dispersion of electrical parameters was found. The
relaxation process is presumably related to the VO••

transport in grains of the ceramics. Contribution of dif-
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ferent polarization types to dielectric permittivity of the
bulk of the investigated ceramics is discussed.
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Santrauka
Pagamintos Zr0,92Y0,08O2 (YSZ), Ce0,9Gd0,1O2−δ (GDC) ir

Sm0,15Ce0,85O2−δ (SDC) junginių keramikos. Keramikų gamy-
bai naudoti firmos „Fuel Cell Materials“ milteliai. Visų junginių
keramikos buvo kepinamos 1 h T = 1773 K temperatūroje. Ke-
ramikų paviršiai tirti skenuojančiu elektroniniu mikroskopu (SEM)
bei Rentgeno spindulių fotoelektroninės spektroskopijos (XPS) me-
todu. XPS tyrimų rezultatai įgalino patikslinti matuotų junginių

elementinę sudėtį. Parodyta, kad SDC bei GDC junginiuose be
trivalenčių Ce3+ jonų aptinkami ir keturvalenčiai Ce4+ katijo-
nai. Kompleksinis keramikų laidis, kompleksinė varža, dielekt-
rinė skvarba ir tan δ ištirti 106–1,2·109 Hz dažnių ruože ir 300–
700 K temperatūrų intervale. Visuose junginiuose aptikta relak-
sacinė elektrinių parametrų dispersija. Ši dispersija atsiranda dėl
deguonies vakansijų (VO•• ) pernašos kietųjų elektrolitų keramikos
kristalituose.


