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Abstract

Ce0.8Gd0.2O1.9 (GDC) powder was successfully synthesized using the co-precipitation process and the powder could be sintered to more than
95% of the theoretical density. This material was characterized using impedance spectroscopy, to distinguish the behavior of the grain interior and
the grain boundary. AC impedance spectroscopy analysis was performed in the temperature range 300–800 1C. An Arrhenius plot of ln (stT) vs.
1/T, for GDC sintered at 1500 1C, changes slope at around 573 1C. At low temperatures (300–573 1C), the total conductivity (st) is dominated by
the conductivity of the grain interior (sgi). However, at high temperatures (573–800 1C), the total conductivity (st) is dominated by the
conductivity of the grain boundary (sgb). The association enthalpy of the [Gd′Ce−V ��

O] clusters, ΔHa, calculated from ΔHa¼Elow
gi −E

high
gi , resulted

equal to 0.448 eV. Elemental analysis, using inductively coupled plasma (ICP), shows that silicon exists in GDC ceramic. This suggests that the
grain boundary resistance is related to the siliceous phases. These impurity SiO2 phases mainly originates from the raw materials.
& 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are the subject of widespread
attention, because of their high-energy conversion efficiency
and low potential for pollution. High oxide-ionic-conducting
solid electrolytes based on zirconia have been intensively
studied [1]. In order to reduce the operational temperature from
1000 to 800 1C, or even lower, doped ceria has been
considered as a solid electrolyte for moderate temperature
solid oxide fuel cells [2]. CeO2−δ has a fluorite structure with
oxygen vacancies (V ��

O) as the predominant ionic defects. The
concentration of oxygen vacancies and the concomitant oxide
ion conductivity of CeO2 can be increased by the substitution
of a metal with a lower valency, such as Y [3], Sm [4,5], Gd
[6,7], or Ca [8]. Pure CeO2 stoichiometric ceramics are poor
oxide ion conductors. However, the ion conductivity can be
improved by increasing the number of oxygen vacancies,
through the substitution of gadolinium, which has a valence
of less than 4+ following its substitution for Ce4+ the charge is
e front matter & 2013 Elsevier Ltd and Techna Group S.r.l. All ri
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compensated by oxygen vacancies. In summary, the conduc-
tivity of doped ceria is determined by its composition, its
synthesis route and the sintering process [9–14].
The ionic conductivity of ceria-based electrolytes doped

with various cations has been extensively studied. Yahiro et al.
[15] reported that conductivity values depend on the nature of
the doping element. However, the conductivity values of the
doped CeO2 used in this work was in general widely
distributed. In order to interpret the experimental results, the
grain boundaries were assumed to be the dominant factor in
the electrical conductivity. Wang and Nowick [16] proposed
that the total conductivity comprised separate contributions
from the grain boundaries and the grain interior; the resistance
of grain boundaries is greater than that of the grain interior,
especially at low temperatures. This is due to the fact that the
amorphous insulating phases appear in these grain boundaries.
Faber et al. [17] reported that the activation energy of doped
CeO2 reaches a minimum, which is a function of the doping
fraction in the range of 15–20 mol% and of the type of dopants
used. This phenomenon may be associated with a progressive
ordering of defects, as the doping fraction increases. Huang
et al. [18] proposed that mobile oxygen vacancies might
ghts reserved.
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Table 1
Background acceptor, aluminum, and silicon in GDC
measure by ICP-MS.

Element Level (wt%)

Yttrium 0.0008
Magnesium 0.0007
Calcium 0.0015
Lanthanum <0.005
Gadolinium <0.005
Aluminum 0.0012
Silicon 0.0035
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condense into ordered clusters in Ce0.9Gd0.1O1.95, below a
certain temperature range (T¼583745 1C). The results of
previous research show that the conductivity of the grain
boundary has an influence on the space-charge layer [19–21]
and the resistive siliceous film [22–24]. An unusual result of
this study is the observation of a change in the value of the
activation energy, at around 573 1C. The increase in activation
energy at lower temperatures is ascribed to an additional
enthalpy term, due to the association between oxygen vacan-
cies and gadolinium cations. The presence of silicon in GDC
ceramic was determined using inductively coupled plasma
(ICP), which suggests that resistance of the grain boundary is
related to the siliceous phases. This study reports the electrical
behavior of the grain interior and grain boundary, as char-
acterized by impedance spectroscopy, and investigates the
influence of gadolinium-doped CeO2 on the performance of
the grain boundary.
2. Experimental results

Ce0.8Gd0.2O1.9 (GDC) powder was synthesized by using a
co-precipitation method. The detailed procedure is described as
follows: stoichiometric amounts of cerium nitrate hexahydrate
(Ce(NO3)3 � 6H2O) and gadolinium nitrate hexahydrate (Gd
(NO3)3 � 6H2O) were dissolved in distilled water and then
ammonia (NH4OH) solution was added to the solution of
nitrates. Precipitates were obtained, until pH=9.5 for the mixed
solution. The final concentration of the stock solution was
0.2 M, for Ce3+. The resulting precipitate was vacuum-filtered
and washed three times with water and ethanol. The precipitate
was then dried in an oven, at 80 1C. The co-precipitated
hydrate powder decomposed to a polycrystalline oxide, upon
heating to 600 1C for 2 h. The oxidation of Ce3+ to Ce4+

occurred during this stage. The GDC powder was pelletized
and sintered at 1500 1C for 5 h, at a programmed heating rate
of 5 1C/min, and cooled to room tenperature at 3 1C/min. All
of the sintered samples achieved 95% of theoretical density.

Differential scanning calorimetry (DSC; TG-DTA/DSC
Setaram, Caluire, France) was used to study the crystallization
characterization of co-precipitated GDC powder. The DSC
measurements used heat rating, in air, of 10 1C/min, to 600 1C.
A computer-interfaced X-ray powder diffractometer (XRD)
with Cu Kα radiation (λ=1.5418 Å) (Rigaku Multiflex, Tokyo,
Japan) was used to identify the crystalline phases. The infrared
spectra of Ce0.8Gd0.2O1.9 powder were recorded in the
400–4000 cm−1 range using KBr (Merck for spectroscopy)
pellets (5 wt% sample).

The morphological features of the GDC power and the
sample sintered at 1500 1C were observed using a scanning
electron microscope (SEM; Hitachi S-3500H, Tokyo, Japan).
Special precautions were taken, as some contaminants from the
raw materials can contaminate the sintered specimen. The
chemical components of a sintered specimen of Ce0.8Gd0.2O1.9

were analyzed using inductively coupled plasma mass spectro-
scopy (ICP-MS); the concentrations of the background accep-
tors, aluminum, and silicon thus measured are listed in Table 1.
AC impedance measurements were conducted using an
impedance analyzer SI 1260 (Solartron analytical, Hampshire,
UK) in the frequency range, from 1 Hz to 10 MHz, on
isothermal plateaus that were half an hour long. The measure-
ment temperature ranged from 300 to 800 1C, with an increment
of 50 1C, for which the excitation voltage was maintained at
100 mV. Silver paste was painted onto both sides of the pellet,
as an electrode. The sample with silver wires attached to the
electrodes was fired at 850 1C, before the measurement. to
ensure good bonding between the Ag wires and the GDC pellet.
The pellets were polished with 1200 grit polishing paper and
cleaned with ethanol and an ultrasonic bath for 5 min, in order
to remove any grease and polishing particles, before application
of the paste. The AC impedance curves were fitted by Zview
software, using equivalent circuits. The Arrhenius plots (plots of
ln(sT) vs. 103/T) were constructed and the activation energies
for conduction were computed. The activation energy for
conduction is obtained using an Arrhenius plot of the ionic
conductivity data for thermally activated conduction and is
calculated according to the following equation:

sT ¼ soexp −
Ea

kT

� �

where Ea is the activation energy for conduction, T is the
absolute temperature, k is the Boltzmann constant (0.86� 10−4

eV K−1) and so is a pre-exponential factor [25].

3. Results and discussion

Fig. 1 shows the DTA/TG trace for the as-dried precursor for
Ce0.8Gd0.2O1.9. The first weight loss, between 50 and 100 1C, is
associated with an endothermic peak in the DTA curve at �80 1C.
This is ascribed to the loss of molecular water, which is absorbed
on the Ce0.8Gd0.2O1.9 precursor. The second abrupt weight loss,
between 250 and 400 1C, is correlated with the exothermic peak at
�270 1C and is caused mainly by the decomposition of cerium
hydrate to form crystalline oxide products. Finally, the weight of
the as-dried precursor appears to remain almost constant above
450 1C, which indicates that beyond this temperature a single
phase of Ce0.8Gd0.2O1.9 is present, without any impurities such as
hydrate and nitrate materials. Fig. 2 shows the IR spectra of the
as-precipitated precursor for the preparation of GDC and its
decomposition products. The IR spectra show the presence of
OH (3500 cm−1) and CO (1720 cm−1) groups in the precursor.
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Fig. 1. DSC curves reveal the decomposition of the as-precipitated precursor
for the preparation of GDC.
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Fig. 2. IR spectra of (a) the as-precipitated precursor for the preparation of
GDC, (b) the precursor annealed at 200 1C, (c) the precursor annealed at
400 1C and (d) the precursor annealed at 600 1C.

20 30 40 50 60

(222)

(311)(220)
(200)

(111)
(a) GDC powder
(b) GDC pellet

(b)

(a)

In
te

ns
ity

 (a
rb

. u
ni

ts
)

2� (degree)

Fig. 3. XRD patterns for (a) GDC powder annealed at 600 1C and (b) GDC
pellet sintered at 1500 1C.
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However, these functional groups are absent from the sample that
was annealed at 400 and 600 1C. This indicates that the functional
groups (–OH and –CO) are removed above 400 1C and the IR
spectrum is similar to that of commercially available CeO2.

High electrolytic conductivity is required, in order to avoid
excessive inner resistance in a fuel cell. Ozawa [26] and Zhou
and Rahaman [27] reported that nanosize CeO2 powder shows a
very different oxygen release characteristic, during sintering,
compared to submicron-size powder. Therefore, this study used
the co-precipitation process to produce GDC nanosize powder, in
order to produce a high performance electrolyte for use in a
SOFC. Fig. 3(a) shows the X-ray diffraction patterns for GDC
powder, after calcinations at 600 1C, and Fig. 3(b) shows the
X-ray diffraction patterns for the GDC pellet sintered at 1500 1C.
The figure illustrates that the GDC powder and the sintered pellet
exhibit only a cubic fluorite structure with the space group,
Fm3m; no other crystalline phase is apparent. All of the peaks in
the pattern match well with the Joint Committee of Powder
Diffraction Standard (JCPDS) card file no. 34-0394. The crystal-
lite size (DXRD) of the GDC powder was calculated using the
Scherer equation, which shows that the crystallite size of GDC
powder is 31.2 nm. Fig. 4 shows the microstructures of the
fracture cross-section and the thermally etched pellet of GDC. As
shown in Fig. 4(a) the cross-sectional image of GDC reveals a
uniform grain size of about 4 μm and that the grains are
connected to each other with a relative density above 95%.
Fig. 4(b) shows good densification, no intra-granular pores, a well
sintered pellet with a grain size ranging from 2 to 5 μm and a
very uniform distribution of grain size.
Fig. 5 shows the impedance diagram for the sintered GDC

pellet at 350, 500 and 650 1C. The AC impedance, measured
using a two-probe method, has a contribution from the grain
interior, the grain boundaries and from the electrode–electro-
lyte interfaces, at high, medium and low frequencies. These
can be represented in the complex plane by three arcs [28].
Because of the character of the specimen, not all of these three
arcs were observed at all temperatures. The values for
resistance (grain interior, grain boundary and total) decreased
as temperature increases. GDC with larger, semicircular grain
boundaries (GB) probably results from the formation of SiO2

impurities on the GB. The behavior at the GB may be
dominated by an extrinsic effect, i.e. thin siliceous films at
the grain boundary. According to the literature [28], it is
possible to choose well-adapted equivalent electrical circuits to
fit the impedance spectra of the electrolyte. The incomplete or
small arc in the high frequency range can be attributed to grain
polarization. The broad arc in the middle frequency range is
due to grain boundary polarization. The spike at low frequency
is ascribed to electrode polarization [29,30]. When the tempera-
ture increases, the frequency range shifts to a higher value. The
grain interior, the grain boundary and the total resistances can be
distinguished from the complex impedance plots.
The total resistance of the electrolyte is given by

Rt ¼ Rgi þ Rgb

where Rt is the total resistance, Rgi is the resistance of the grain
interior and Rgb is the resistance of grain boundary. The simple



Fig. 4. SEM micrographs of GDC for (a) fracture cross-section and (b) a thermally-etched pellet sintered at 1500 1C.
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Fig. 5. AC impedance plots for the sintered GDC specimen at (a) 350 1C, (b) 500 1C and (c) 650 1C.
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equivalent circuit is used for this study. A parallel RC element
represents a drop capacitor with a typical relaxation time, which
corresponds to the process. In this case, a constant phase element
(CPE) that replaces the capacitor is used to model the experi-
mental data. The CPE is equivalent to a distribution of capacitors
in parallel. R1 represents the resistance of the grain interior and R2
represents the resistance of the grain boundary. The CPE can be
expressed as follows: Z ¼ 1=CðjωÞn, where C indicates the ideal
capacitance (n=1), j=(−1)1/2, ω is the angular frequency and the
values of n, between 0 and 1, describe the fractal character (the
heterogeneous or porous character) of the sample [28]. The
relaxation frequency of the grain boundary is significantly lower
at the intermediate temperature, due to a higher capacitance.
Nevertheless, the conductivity of the grain interior and the grain
boundary conductivities cannot be distinguished at higher tem-
peratures. Because there is only one lower characteristic fre-
quency term, from which only the sum of the resistance of the the
grain interior and the grain boundary can be obtained, at the onset
of the spike, the de-convolution of the grain interior and the
contribution of the grain boundary is found at low temperature
(o500 1C). These data are insufficient to analyze a typical
resistance for the the grain interior and the grain boundary of
GDC. In order to evaluate the bulk and grain boundary resistance
at higher temperature, the grain boundary resistance (Rgb) is
extrapolated from the total conductivity, to estimate the bulk
resistance (Rb¼Rt−Rgb) [31,32]. The detailed fitting parameters,
R1, R2, CPE, and n values, as a function of temperature, are listed
in Table 2. An increase in temperature causes an increase in the
total conductivity. Noticeably, the conductivity of the grain
boundary exhibits the same trend as that for total conductivity.
The resistance of the grain boundary dominates the total
resistance of the sintered GDC pellet, which indicates that the
grain boundary makes the primary contribution to the total, in
polycrystalline GDC. The exponents “n”, which are determined
from CPE models, play an important role in the interpretation of
the conduction mechanism, because the n value is associated with
the microstructure of the material. Grain boundaries represent a
relatively homogenous resistor–capacitor system, when n¼1.
Table 2 shows that the values of the exponent, n, are distributed
in the range, 0.649–0.999, as a function of temperature. When the



Table 2
Fitting parameters for impedance spectra of GDC in the temperature range 300–800 1C.

Temperature (1C) Parameter

R1(Ω cm2) R2(Ω cm2) CPE (F) n

300 113.1 290.9 3.80� 10−5 0.855
350 55.51 88.09 2.78� 10−4 0.649
400 20.55 28.72 2.86� 10−4 0.881
450 9.055 10.4 8.55� 10−4 0.886
500 5.884 4.51 2.05� 10−3 0.918
550 2.882 1.988 2.73� 10−3 0.990
600 2.147 1.039 1.60� 10−2 0.765
650 1.589 0.367 4.02� 10−2 0.764
700 1.105 0.096 4.03� 10−2 0.999
750 0.760 0.036 4.12� 10−2 0.999
800 0.561 0.010 8.09� 10−2 0.999
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Fig. 6. Arrhenius plot of the AC impedance measurement for GDC.
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temperature is higher than 700 1C, the values of the exponent, n,
are 0.999, which indicates that GDC is in a homogeneous phase
at high temperatures. The capacitance of the grain boundaries is
distributed as a function of temperature, from 8.09� 10−2 to
3.80� 10−5 F. Fig. 6 shows the conductivity of the grain interior,
the grain boundary and the total conductivity, as measured from
impedance spectra. The GB conductivity of Gd-doped CeO2

ceramics is usually several orders of magnitude lower than
conductivity of the grain interior (GI) [33–36], so grain bound-
aries block the transport of charge carriers across them. This
blocking effect is solely the result of the presence of an
intergranular siliceous phase. This intergranular siliceous phase
was actually observed by transmission electron microscopy
(TEM), as presented by Gerhardt and Nowick [37] and Tanaka
et al. [38]. The ICP result, also confirms that the siliceous phase
truly exists in GDC ceramics. These impure siliceous phases
mainly originate from the raw materials.

For a polycrystalline oxygen-ion electrolyte, the activation
energy for total ionic conduction comes from three sources,
that is the enthalpy of the migration of oxygen ions (ΔHm), the
association enthalpy of complex defects (ΔHa) and the activa-
tion energy for conduction in grain boundaries (ΔHgb) [39].
These three sources simultaneously dominate the total ionic
conductivity. The oxygen ionic conductivity in rare-earth-
doped ceria can be represented as follows:

At low temperature s¼ s0
T
exp −

ΔHm þ ΔHa

kT

� �

At high temperature s¼ s0
T
exp −

ΔHm

kT

� �

In the lower temperature range, charged defect associates are
formed, so the activation energy for conduction, Ea, is considered to
be the sum of the association enthalpy, ΔHa, and the migration
enthalpy of the oxygen ions, ΔHm [40]. The activation energy is
given as follows [31]:

Elow
gi ¼ΔHm þ ΔHa

where ΔHm is the enthalpy for the migration of an oxygen vacancy
[V ��

O] to an equivalent near-neighbor site and ΔHa is the association
enthalpy of [Gd′Ce−V ��
O] clusters. However, at higher temperatures,

all of the defect associates are dissociated (i.e. ΔHa-0) and so Ea
is only dependent on ΔHm [40]. The concentration of mobile
oxygen vacancies [V ��

O] is independent of temperature; the activa-
tion energy for the motion of an oxygen vacancy in the grain
interior is given as follows [31]:

Ehigh
gi ¼ΔH

Hence, ΔHa can be calculated from the activation energy,
i.e. ΔHa¼Elow

gi −E
high
gi :

The detailed conductivity of GDC for the grain interior (sgi),
the grain boundary (sgb), and the total (st) are summarized in
Table 3. In this study, sgi4sgb in the temperature range,
300–573 1C, indicating that the grain boundary conductivity
(sgi) dominates the total conductivity (st) at lower tempera-
tures, but as the temperature exceeds 573 1C, sgb4sgi,
indicating that grain interior conductivity (sgb) dominates the
total conductivity (st) at higher temperatures. Apparently, the
GB resistance decreases as temperature increases. The con-
tribution of GB resistance to the total resistance depends on the
content of the siliceous phases, as well as on the type of



Table 3
Conductivity of GDC for the grain interior (sgi), the grain boundary (sgb) and total conductivities (st) in the
temperature range, 300–800 1C.

Temperature (1C) Rgb/Rt st (S cm−1) sgi (S cm−1) sgb (S cm−1)

300 0.720 3.54� 10−4 1.26� 10−3 4.92� 10−4

350 0.613 9.96� 10−4 2.57� 10−3 1.62� 10−3

400 0.583 2.90� 10−3 6.96� 10−3 4.98� 10−3

450 0.534 7.35� 10−3 1.58� 10−2 1.37� 10−2

500 0.434 1.37� 10−2 2.43� 10−2 3.17� 10−2

550 0.408 2.93� 10−2 4.96� 10−2 7.19� 10−2

600 0.326 4.49� 10−2 6.66� 10−2 1.37� 10−1

650 0.187 7.31� 10−2 8.99� 10−2 3.89� 10−1

700 0.081 1.19� 10−1 1.29� 10−1 1.48
750 0.045 1.79� 10−1 1.88� 10−1 3.94
800 0.019 2.50� 10−1 2.55� 10−1 14.35

Table 4
The total activation energy (Et), grain interior activation energy (Egi) and grain boundary activation energy (Egb) of GDC at low temperatures and high temperatures.

Component Low temperatures (300–573 1C) High temperatures (573–800 1C)

Elow
t (eV) Elow

gi (eV) Elow
gb (eV) Ehigh

t (eV) Ehigh
gi (eV) Ehigh

gb (eV)

Ce0.8Gd0.2O1.9 0.806 1.032 0.882 0.785 0.581 1.952
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Fig. 7. Temperature dependence of the grain interior conductivity of GDC.
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dopants used [32]. Table 4 shows the total activation energy
(Et), grain interior activation energy (Egi) and grain boundary
activation energy (Egb), which indicates that the total activation
energy at low temperatures (Elow

t ), calculated from 300 to
573 1C, is almost equal to the grain boundary activation energy
at low temperatures (Elow

gb ). The Arrhenius plot of ln (stT) vs. 1/
T gives two straight lines intersecting at a critical temperature
(Tb) of around 573 1C, as shown in Fig. 7. This behavior is in
accordance with the result noted in reference [17]. The
addition of Gd2O3 into the CeO2 system leads to the formation
of oxygen vacancies, because the charge compensating Gd′ce
may act as a nucleating center for the formation of an order-
vacancy cluster, and this nucleation center has a critical
temperature, Tb. The oxygen vacancies progressively form
clusters, below Tb, whereas at temperatures above Tb, the
vacancies are dissolved into the matrix of oxygen sites. The
Arrhenius plot for the grain interior conductivity of GDC
exhibits two distinct regions, each with different temperature
dependence. At low temperatures (300–573 1C), the activation
energy of the grain interior (Elow

gi ¼1.032 eV) is associated with
the migration of extrinsic surface defects. However, at high
temperatures (573–800 1C), the activation energy of the grain
interior (Elow

gi ¼0.581 eV) is associated with the dissociation of
defect clusters. The association enthalpy, ΔHa, of 0.448 eV is
obtained from ΔHa¼Elow

gi −E
high
gi .
4. Conclusions

In this study, Ce0.8Gd0.2O1.9 powder was successfully
synthesized using the co-precipitation process and the powder
could be sintered to achieve more than 95% of the theoretical
density. Impedance spectroscopy was used to distinguish the
behavior of the grain interior and the grain boundary. The
Arrhenius plot of ln(stT) vs. 1/T gives two straight lines, which
intersect at a critical temperature (Tb) of around 573 1C. As the
temperature exceeds Tb, the vacancies are dissolved into the
matrix of oxygen sites. As the temperature below Tb, the oxygen
vacancies progressively form clusters. The association enthalpy,
ΔHa, of 0.448 eV is calculated from ΔHa¼Elow

gi −E
high
gi , in

which ΔHa is the association enthalpy of [Gd′Ce−V ��
O] clusters.

Elemental analysis by ICP shows the existence of silicon in
GDC ceramic. This suggests that the grain boundary resistance
is related to the siliceous phases. These impurity SiO2 phase
originates mainly from the raw materials.
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