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Abstract In order to improve the conductivity of ceria-based
solid electrolytes, effect of co-doped Gd3+ and Dy3+ was
evaluated. For this purpose, nano-crystalline Gd0.2−
xDyxCe0.8O1.9 powders with various composition ranges (x=
0.05, 0.1, 0.15, 0.2) were initially synthesized by high-energy
milling method. The effect of micro-structural evolution and
co-doping on electrical properties of the dense sintered sam-
ples fabricated by two-step sintering and conventional
sintering of the synthesized powders were investigated.
Electrical conductivity of the samples was discussed based
on the results obtained by AC impedance spectroscopy at
temperatures in the range of 300–700 °C. The co-doping
and sintering regime were found to significantly influence
the conductivity of the electrolytes. The electrical conductivity
of the co-doped samples depends on Dy3+ content and the
maximum conductivity obtained by 0.15 mol% Dy and
0.05 mol% Gd. The conductivity of Gd0.2−xDyxCe0.8O1.9

(x=0.15) was 0.03 S/cm at 700 °C. A thorough discus-
sion was made, based on the present experimental data.
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Introduction

Solid oxide fuel cells (SOFCs) are considered as the most
efficient devices for direct conversion of chemical energy into
electrical power [1]. Although their energy conversion effi-
ciencies (45 to 60 %) are much higher than those of the
conventional methods of power generation and produce min-
imal pollutant emissions, they have not been yet considered
for wide commercial applications due to their higher cost.
Lowering the operating temperature in SOFCs would appre-
ciably reduce the costs as inexpensive refractory metals or
ceramic components can be used. It would also ensure a
greater overall system stability, reliability, efficiency, and a
reduction in thermal stresses between the components in
SOFCs, leading to a longer lifetime for the system [2, 3].
Therefore, development of new electrolyte materials with
higher ionic conductivity at lower operation temperatures is
the key factor for commercialization of SOFCs. Ceria-based
oxides have been considered as the most promising solid
electrolyte materials for use in IT-SOFCs [3–5].These mate-
rials exhibit higher ionic conductivity at relatively lower tem-
peratures in comparison to yttria-stabilized zirconia (YSZ)
electrolytes, which could make them as suitable alternatives.
Most of the studies carried out on ceria-based electrolytes
focused mainly on improving electrical properties through
optimizing the dopants kind and concentration [5–7], as well
as their microstructure and sinter ability [8–10]. It is generally
accepted that Gd3+ and Sm3+ doped ceria electrolytes exhibit
the highest ionic conductivity as a result of the small associ-
ation enthalpy between the dopant cations and oxygen vacan-
cies [6, 7]. Further investigations towards enhancing the con-
ductivity of ceria-based electrolytes have shown that the co-
doping of certain cations can also be effective. The mecha-
nism proposed for the observed improvement in electrical
conductivity of the co-doped ceria is based on lowering the
association enthalpy of oxygen vacancies and the dopant ions.
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According to Kilner and Brook [11], association enthalpy is
minimum when there is no elastic strain in the host lattice.
Omar et al. [12] attempted co-doping of Nd3+ and Lu3+ into
ceria in order to find out the optimum radius that could result
in lower strain and higher conductivity. However, the electri-
cal property of ceria co-doped with Nd and Lu is poor, as
compared to ceria doped with Gd, which indicates that the
elastic energy is not the only factor to be considered. Recently,
Omar et al. [13] evaluated the co-doping strategy (Nd/Sm)
based on a density functional theory (DFT) to predict the
interaction energy between the oxygen vacancies and the
dopant cations [14]. Their results showed that the minimum
elastic strain cannot properly explain the observed ionic con-
ductivity in the co-doped ceria system under study. In fact,
according to this theory, the interaction between dopants in
crystal lattice constitutes the elastic repulsion as well as the
electronic attraction [14]. Indeed, the most important aspect of
this theory is the use of an appropriate mixture of dopants that
could result in a constructive interaction of the elastic and
electronic contributions improving the ionic conductivity. The
co-doping may also increase the configurational entropy,
modify the elastic strain in the crystal lattice, and change
which the grain boundary composition.

Some co-doped ceria-based electrolyte systems such as
( C e ( 1 − x − y ) L a xM y ) O 2 − δ (M = C a , S r ) [ 1 5 , 1 6 ] ,
(La0.75Sr0.2Ba0.05)0.175Ce0.825O1.891 [17], Ce1−x−ySmxCayO2−z

[18], Ce0.8+xY0.2-2XCaxO1.9 [19], Ce1−aGda−ySmyO2−0.5a [20],
Ce1−x−yGdxPryO2− z [21], Ce0.85Gd0.1Mg0.05O1.9 [22],
Ce0.8Sm0.2−xY(La)xO1.9 [23], Ce0.8La0.2−xYxO1.9 [24], Ce1−
x(Sm0.5Nd0.5)xOδ [25], Ce0.8Gd0.2−xCaxO2−δ (x=0–0.2) [26],
and so on [27–29] have been so far investigated.

In present study, the effect of Gd3+ and Dy3+ co-doping on
electrical conductivity of ceria-based electrolytes was investi-
gated. Since the ionic radius of Dy3+ (1.027 Å) is smaller than
that of Gd3+ (1.053 Å) and slightly larger than that of Ce4+

(0.97 Å), the elastic strain in the crystal lattice could be
expected to decrease. There are some reports on
dysprosium-doped ceria electrolytes that have comparable
association enthalpy values to those of samarium- or
gadolinium-doped ceria electrolytes [9, 30]. Moreover, the
microstructure of the sintered electrolytes, which is influenced
by chemical composition and preparation method, has strong
impact on the ionic conductivity. Enhanced grain boundary
conductivity obtained by utilizing additives and modifying the
microstructure using the appropriate sintering regime [31–33]
which scavenge the impurity phases at the grain boundaries is
still controversial. Our previous work [33] has shown that
two-step sintering (TSS) is an effective way to fabricate dense
ceramic electrolyte at lower temperatures.We have shown that
TSS method can strongly affect the grain boundary conduc-
tivity in ceria-based electrolytes.

In this work, influence of co-doping and various sintering
regimes (conventional sintering (CS) and TSS) were

evaluated. The composition and sintering conditions as
regard to the total conductivity were optimized by in-
vestigating the effect of co-doping the Gd and Dy, their
content, and sintering conditions on grain and grain
boundary conductivities.

Experimental

The precursor materials used for the synthesis include CeO2,
Gd2O3, and Dy2O3 powder (Alfa Aesar with 99.99 % purity).
They were placed into a planetary ball mill according to the
stoichiometric formula of Gd0.2Dy0.2−xCe0.8 O1.9(x=0, 0.05,
0.1, 0.15, and 0.2). They were processed with a rotary
speed of 270 rpm, a ball to powder weight ratio of 10:1
using zirconia vial (60 ml) and balls (10 and 20 mm
diameters). Ball milling process was continued for up to
30 h. Details of the experiments were thoroughly ex-
plained in the previous paper [34].

Phase identification was performed by X-ray diffractome-
try (Philips) using CoKα radiation (λ=1.78 Å) as X-ray
source, with step size of 0.02° and a step time of 2 s.
Crystallite size of the fine powder products was estimated by
Williamson–Hall method [35]. The lattice parameter (a) was
determined by fitting the observed reflection with a least
squares refinement program. The green compact pellets
(13 mm in diameter and 1–2 mm in thickness) with a green
density of about 64 % were prepared by pressing the ball
milled powder at 500 MPa, and undergone the TSS process.
In the first step, the pellets in static air were heated up to the
higher temperature of T1=1,450 °C, with a heating rate of
10 °C/min, after which they were cooled down to the lower
temperature of T2=1,300 °C with a cooling rate of 50 °C/min
and held there for 20 h. For comparison, the compact bodies
were also sintered conventionally at 1,500 °C for 5 h with
heating rate of 5 °C/min (CS). The bulk density of sintered
pellets was determined using Archimedes method. The
relative density of the sintered pellets was calculated
from the ratio of bulk density to the density calculated
from X-ray diffraction data. The average grain size of
the sintered bodies was calculated using linear intercept
method measured from at least 100 randomly selected
grains recorded by SEM. To prepare the specimens for
SEM analysis, the samples were polished and thermally
etched at a temperature being 50–100 °C lower than the
sintering temperature.

To measure the electrical conductivity, platinum electrodes
were applied on both sides of the sintered bodies of Pt paste
coating, drying, and heat treating it at 600 °C for 1 h.
Conductivities of the sintered bodies were measured by two-
probe AC impedance spectroscopy (IS) at 400–700 °C tem-
perature and 0.1–106 Hz frequency ranges.
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Result and discussion

Synthesis and microstructure characterization

The structural impact of Dy and Gd co-doping was assessed
by X-ray difraction (XRD). Figure 1 shows the XRD profiles
of the mixed CeO2, Gd2O3, and Dy2O3 powders with appro-
priate proportions to obtain the compositions of
Gd0.2Ce0.8O1.9, Gd0.15Dy0.05Ce0.8O1.9, Gd0.1Dy0.1Ce0.8O1.9,
Gd0.05Dy0.15Ce0.8O1.9, and Dy0.2Ce0.8 O1.9 after 30 h ball
milling. The XRD patterns were compared with the JCPDS
files of CeO2, Gd0.2Ce0.8O1.9, Dy0.2Ce0.8O1.9, and Dy2O3,
respectively. It was found that all the milled products except
Dy0.2Ce0.8O1.9 are single-phase materials with a cubic fluorite
structure similar to pure CeO2. The low intensity peak detect-
ed in XRD pattern of Dy0.2Ce0.8 O1.9 (is arrowed in Fig. 1) at
2θ=30.80 can be related to the presence of Dy2O3 phase
(JCPDC file no. 018-0475). The lattice parameter values were
estimated for all the samples whose results are presented in
Fig. 2. The results clearly indicate that the lattice parameter of
Gd0.2Ce0.8O1.9 solid solution (5.419 Å) decreases linearly
with increasing x, which satisfies Regard’s law due to the
smaller radius of Dy+3 (r=1.027 Å) as compared to
Gd+3 (r=1.053 Å). Observation of such trend could confirm
the formation of the solid solution. Figure 3 shows the SEM
micrograph of Gd0.15Dy0.05Ce0.8O1.9 powder obtained after
30 h milling. The average crystallite size was calculated based
on XRD results to be about 40 nm. This indicates that ag-
glomeration of powder would occur as a result of the milling
process and reduction in size.

Figure 4 shows SEMmicrographs of polished and thermal-
ly etched surfaces of the ceramics sintered by the CS and TSS
processes. The microstructures of the samples show the pen-
tagonal and hexagonal grains without any intra-grain porosity.
A grain size reduction in the case of TSS ceramics could be
observed, which are more pronounced for the samples with
0.05 and 0.15 mol% Dy (Fig. 4a, c). The two-step sintering of
these ceramics led to the formation of bodies with nearly full
densities, i.e., >95 %. The estimated values of average grain
size and relative density for doped and co-doped samples
sintered under CS and TSS regimes by Gd and Dy dopants
are given in Table 1. The relative densities of the co-doped
ceramics normally sintered at 1,500 °C for 5 h were found to
be more than 98 %. The relative density of singly Gd-doped
ceria sintered under the same condition was found to be 92 %.

Fig. 1 XRD profiles
of Gd0.2Ce0.8O1.9,
Gd0.15Dy0.05Ce0.8O1.9,
Gd0.1Dy0.1Ce0.8O1.9,
Gd0.05Dy0.15Ce0.8O1.9, and
Dy0.2Ce0.8 O1.9 after 30 h milling.
The secondary peak (arrowed) was
indexed as Dy2O3. All other peaks
belong to ceria fluorite structure

Fig. 2 Dependence of lattice parameter on the composition (x) of differ-
ent doped ceria samples
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Improved densification as a result of co-doping could be due
to the decrease in Dy and Gd atomic migration to grain
boundaries during the sintering process which could otherwise
led to the solute drag phenomenon. Furthermore, the forma-
tion of liquid phase in the case of the conventionally sintered
samples as a result of high temperature sintering can also be a
reason for the improved densification.

The secondary phase (rod-shaped phase marked with circle
in Fig. 4c) which was observed in the case of CS-
Gd0.05Dy0.15Ce0.8O1.9 co-doped sample could not be detected
by XRD analysis. This phase was also observed in CS
Gd0.15Dy0.05Ce0.8O1.9 co-doped sample, but comparatively
in lower amount. Formations of such secondary phases have
been also reported elsewhere [36–38]. The results of the
elemental analysis of the phases observed in SEM image of
Gd0.05Dy0.15Ce0.8O1.9 co-doped sample are presented in
Table 2. Based on the extensive SEM/EDS analyses, the
secondary phase observed in this sample contains a higher
concentration of Gd as compared to Ce and Dy along with
minor amount of Si impurity. The presence of Si impurity in
the secondary phase was also observed in our pervious works
in singly doped ceria systems [33, 36]. Existence of such
secondary phases at grain boundaries in the similar ceramic
systems can behave as traps or produce some drags for mi-
gration of ions which may be responsible for conductivity,
especially at the intermediate temperatures [39, 40]. However,
if the secondary phase is formed at the cost of the disappear-
ance of the siliceous glassy phase (or scavenging of Si) at

grain boundaries, it may promote the grain boundary
conductivity [33].

Conductivities

For investigating the effect of the co-doping, total dopant
concentration should be kept constant. In order to avoid the
simultaneous effect of oxygen vacancy, the doping level was
therefore kept at constant volume of 20 mol%. The ac imped-
ance spectroscopy was used to evaluate the electrical prop-
erties of the high density sintered singly doped and co-
doped pellets fabricated by CS and TSS processing. The
impedance spectra and equivalent circuit model of CS-
Gd0.05Dy0.15Ce0.8O1.9 electrolyte at 300 °C are shown in
Fig. 5. The impedance spectra were fitted by means of
an equivalent electrical circuit consisting of a series of
three sub-circuits of parallel resistors–CPE elements.
The sub-circuits were attributed to bulk (lattice), grain
boundary dispersion as well as the electrode/electrolyte
inter-phase. The frequency increases from right to left
across the plot. After fitting the obtained values for the
bulk (high frequency) and grain boundary (intermediate
frequency), the resistance values were converted into
lattice and grain boundary conductivities. The imped-
ance spectra of CS and TSS-Gd0.2−xDyxCe0.8O1.9 elec-
trolytes with x=0, 0.05, 0.1 0.15, and 0.2 at 400 °C are
shown in Fig. 6, where three main features similar to
Fig. 5 can be observed. Two distinct arcs were detected
at high frequencies and incomplete one at lower
frequencies.

In Fig. 6, the impedance spectra have been normalized to
the sample geometry (A, surface area; t, thickness). The nor-
malized capacitances for different composition are in the
range of 10−9 to 10−7 F/cm for the high frequency contribution
(the bulk contribution) and 10−7 to 10−5 F/cm for the interme-
diate frequency term (the grain boundary contribution).
Capacitance values were estimated by the constant phase
element from the 1/RC relationship [41]. Cb and Cgb were
calculated to be in the same order of magnitude reported for
the doped ceria-based electrolyte (Cgb>>Cb) [42]. From
Fig. 6, it can be seen that ceria co-doped with Gd and Dy with
x=0.15 (Gd0.05Dy0.15Ce0.8O1.9) exhibits the highest bulk and
grain boundary conductivity (which is about 1.4×10−3 and
9.0×10−4 Scm−1 at 400 °C). The results are related to the TSS
and CS regimes. The co-doped sample with Dy and Gd
with x=0.1 exhibits the highest grain boundary resistivity
when conventionally sintered (CS). The highest grain bound-
ary resistivity at 400 °C for CS samples belongs to singly Dy-
doped ceria electrolyte. In TSS samples, ceria co-doped with
Dy and Gd with x=0.1 exhibits the highest bulk resistivity;
however, the highest grain boundary resistivity belongs to Gd
singly doped ceria sample.

Fig. 3 SEM micrograph showing typical particle morphology of the
synthesized Gd0.15Dy0.05Ce0.8O1.9 powder
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The sintering regime clearly influences the resistivity
(Fig. 6). Particularly, the Gd0.15 Dy0.05Ce0.8O1.9 electrolyte
which has been sintered with TSS regime behaves clearly
different from the same composition with CS regime. TSS
regime leads to reduction in the bulk and grain boundary
resistivity in this electrolyte at 400 °C. Among the reports

for singly Dy3+-doped ceria [9, 29, 39], Mori et al. [40]
reported that combination of spark plasma sintering and con-
ventional sintering methods increased its conductivity. They
believed that by optimizing the microstructure and grain size,
conductivity in Dy-doped CeO2 electrolytes could be effec-
tively improved. It can be seen from Fig. 6 that the grain and

Fig. 4 Microstructures
of polished and thermally
etched surface of a
Gd0.15Dy0.05Ce0.8O1.9; b
Gd0.1Dy0.1Ce0.8O1.9; c
Gd0.05Dy0.15Ce0.8O1.9; d
Dy0.2Ce0.8 O1.9, conventional
sintering (CS) at 1,500 °C for 5 h
(right) and TSS (left). The
notation in Fig. 3 (c) indicated
secondary Gd-rich phase
determined by EDS analysis
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grain boundary conductivities in Dy singly doped electrolyte
were evidently enhanced by using the TSS regime.

The Arrhenius plots of grain, grain boundary, and total
conductivities of the TSS and CS samples as a function of
the testing temperature are shown in Figs. 7, 8, and 9, respec-
tively. Figure 7 shows the grain conductivity of TSS and CS-
Gd0.2−xDyxCe0.8O1.9 (x=0, 0.05, 0.1, 0.15, and 0.2) electro-
lytes. It can be observed that the TSS and CS co-doped ceria
with x=0.15 exhibit the highest grain conductivity among the
all temperature ranges studied, and as the temperature is
reduced (<500 °C), the differences in conductivities are in-
creased. It is revealed in all the samples that use of any
sintering regime give rise to different grain conductivity,
except in the case of CS-Gd0.05Dy0.15Ce0.8O1.9 sample.

Co-doping effect has been also discussed in terms of the
configurational entropy [30]. Yamamura et al. [43] indicated
that the co-doping could suppress the ordering of the oxygen
vacancy and lowering the activation energy of conduction. In
the next step, the activation energy (enthalpy) of the ionic
motion (ΔE) in lattice (bulk) and total (bulk and grain bound-
ary) were calculated using line slopes. The intercept of the plot
with lnσT axis (for 1000/T→0) was used to calculate the pre-
exponential factor (σ0). The obtained results reveal that the
increment of the configurational entropy as a result of co-
doping is not the dominant factor responsible for increasing
the grain conductivity. For instance, in contrast to the singly
doped ceria electrolytes, although the configurational entropy
increased in co-doped samples with 0.1 mol% Dy increases,
conductivity was found to decrease. Therefore, it may be
concluded that the activation energy of the bulk conduction
could be more dominant. It can be seen from Table 3 that the

lowest activation energy of the bulk conduction belongs to the
TSS and CS-Gd0.05Dy0.15Ce0.8O1.9 and also TSS-
Gd0.15Dy0.05Ce0.8O1.9 electrolytes. Therefore, the electrical
conductivity strongly depends on Dy3+ contents. Omar et al.
[13] studied the relationship between the elastic strain and
ionic conductivity in doped ceria compounds and found that
the ionic conductivity is not specifically the function of the
lattice deviation in doped ceria electrolytes. In this work, Nd3+

was chosen as a dopant based on the DFTwork performed by
Anderson et al. [14] which exhibited the highest grain ionic
conductivity among all other doped ceria materials. In the
present study, Gd3+ and Dy3+ co-doped samples have a
weighted average dopant radii of 1.045, 1.04, and 1.033 Å
for x=0.05, 0.1, and 0.15 mol% Dy, respectively. The weight-
ed average dopant radius at x=0.1 is closer to the rc value
(1.038 Å) determined by Kim [44]. Nevertheless, the grain
ionic conductivity of Gd0.1Dy0.1Ce0.8O1.9 is less than other
samples. However, increasing the radius value has lowered the
activation energy of conduction in the Gd0.05Dy0.15Ce0.8O1.9

and Gd0.15Dy0.05Ce0.8O1.9 samples as Anderson reported
[14].

Figure 8 indicates the grain boundary conductivity of TSS
and CS-Gd0.2−xDyxCe0.8O1.9 (x=0, 0.05, 0.1, 0.15, and 0.2)
electrolytes. The highest grain boundary conductivity belongs
to CS and TSS co-doped ceria with x=0.15 and TSS co-doped
ceria with x=0.05. No clear transition points in these curves

Table 1 Sintering condition, green and totally relative density and grain size of doped and co-doped samples obtained by CS and TSS methods

CS TSS

Composition ρ0 (%) T (°C) ρt (%) Grain size (μm) T1 (°C) T2 (°C) ρt (%) Grain size (nm)

Gd0.2Ce0.8O1.9 60 1,500 92 6 1,450 1,300 99.5 1,100

Gd0.15Dy0.05Ce0.8O1.9 60 1,500 98.5 3.8 1,450 1,300 98 600

Gd0.1Dy0.1Ce0.8O1.9 60 1,500 98 3.5 1,450 1,300 98 1,100

Gd0.05Dy0.15Ce0.8O1.9 60 1,500 99.5 4 1,450 1,300 99 700

Dy0.2Ce0.8O1.9 60 1,500 98 3.5 1,450 1,300 95 1,000

Table 2 The compositions (atomic %) of the secondary phase andmatrix
in Fig. 4c are listed for CS-Gd0.05Dy0.15Ce0.8O1.9 obtained using the
energy dispersive spectroscopy (EDS) analysis

Element Secondary phase Matrix

Ce 54.08 80.39

Gd 31.08 4.65

Dy 13.26 15.06

Si 1.23 – Fig. 5 Complex impedance spectra and equivalent circuit model of
Gd0.05Dy0.15Ce0.8O1.9 electrolyte at 300 °C
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Fig. 6 Complex impedance plots
of CS and TSS Gd0.2−
xDyxCe0.8O1.9 (x=0, 0.05, 0.1,
0.15, and 0.2) ceramics with
annealed Pt paste electrodes
measured at 400 °C using two-
probe technique. High frequency
part of the CS ceramics spectrum
is shown in the insert

Fig. 7 Arrhenius type plots of bulk conductivity for CS and TSS Gd0.2−
xDyxCe0.8O1.9 electrolytes with x=0, 0.05, 0.1, 0.15, and 0.2, and differ-
ent grain size

Fig. 8 Arrhenius type plots of grain boundary conductivity for CS and
TSS Gd0.2−xDyxCe0.8O1.9 electrolytes with x=0, 0.05, 0.1, 0.15, and 0.2,
and different grain size

Ionics (2014) 20:1407–1417 1413



were found which is attributed to remarkable increment in
temperature measurement (100 °C). However, as observed in
Figs. 7 and 8, the increase in conductivity in the temperature
range of 400–500 °C is more pronounced. Results show that
the lowest conductivity was obtained in co-doped ceria
with x=0.1 and singly doped ceria with Dy. TSS regime
can improve the conductivity of the singly dopedDy but in co-
doped sample (x=0.1) it acts in the opposite way. As it was
discussed earlier, the relative density of any CS composition is
almost the same, so the enhancement of grain boundary con-
ductivity primarily depends on the composition. Grain bound-
aries play the major role in overall conductivity in the inves-
tigated temperature range.

The grain boundary resistance in ceria-based electrolytes is
created by two main factors: (1) the grain boundary impurity
or glassy phase that blocks the ionic transport across the
boundaries by decreasing the conduction path width and
constricting the current lines, the phenomenon which is called

extrinsic effect, and (2) intrinsic effect which is due to the
space charge layer at grain boundaries [39]. It leads to a
situation where the oxygen vacancies are severely depleted
and subsequently the grain boundary conductivity would be
decreased. Therefore, the excess of aliovalent elements segre-
gating at grain boundaries can result in lower grain boundary
conductivity at the same doping level. As it was shown, the
secondary Si and dopant (Gd) rich phase in CS-singly or co-
doped samples could be detected in Gd0.05Dy0.15Ce0.8O1.9

sample. It seems that scavenging of Si at grain boundary by
formation of secondary phase in that sample results in lower-
ing the deterioration effect of Si glassy phase on the grain
boundary conductivity. Owing to remove concentrated
dopant cations from grain boundary regions, the forma-
tion of dopant-rich phase leads to the improvement of
grain boundary conductivity. This phenomenon was also
reported in our recently published work [33]. In
Table 3, the total conductivity for different grain sizes
have been compared. For better comparison, it should
be better to separate the effects of true changes in grain
boundary conductivity from those related to changes in
grain sizes. With assumption that the brick layer model
is the major factor responsible for the grain boundary
resistivity, the specific grain boundary conductivity σgb

sp

should be estimated that is related to the geometry of the grain
boundary. Haile et al. [31] suggested that the capacitances of
approximate value of σgb

sp could be calculated from the ratio of
the bulk and grain boundary capacitances under the following
assumptions: (I) a brick layer model, (II) σgb

sp≪σbulk, (III) grain
size ≫ grain boundary thickness (δgb), (IV) permittivity of
grain boundary phase (εgb) ≅ permittivity of bulk phase ac-
cording to the following equation:

σsp
gb≈

L

RgbA

Cbulk

Cgb
ð1Þ

Fig. 9 Arrhenius-type plots of total conductivity for CS and TSS Gd0.2−
xDyxCe0.8O1.9 electrolytes with x=0, 0.05, 0.1, 0.15, and 0.2, and differ-
ent grain size

Table 3 Total conductivity, conductivity activation energies, and pre-exponential terms of the CS and TSS Gd0.2−xDyxCe0.8O1.9 (x=0, 0.05, 0.1, 0.15,
and 0.2) electrolyte ceramics

Electrolytes σ700t
(Scm−1)

σ400t
(Scm−1)

σ500t
(Scm−1)

σ0
(Scm−1 K)

ΔE
(eV)

ΔEb

(eV)
Δ φ 400 (V) Δ φ 500 (V) Grain

size (μm)

CS-Gd0.2Ce0.8O1.9 0.011 0.0001 0.0009 5.1×105 0.96 0.64 0.30 0.30 1.7

TSS-Gd0.2Ce0.8O1.9 0.008 0.00005 0.0004 7.5×105 0.97 – 0.30 0.31 1.1

CS-Gd0.15Dy0.05Ce0.8O1.9 0.011 0.0001 0.0007 8.7×105 0.95 0.61 0.31 0.32 3.8

TSS-Gd0.15Dy0.05Ce0.8O1.9 0.03 0.0005 0.0034 7.5×105 0.82 0.59 0.22 0.22 0.69

CS-Gd0.1Dy0.1Ce0.8O1.9 0.006 0.000043 0.0002 2.6×105 1.08 0.79 0.40 0.40 3.5

TSS-Gd0.1Dy0.1Ce0.8O1.9 0.006 0.00004 0.0001 2.6×106 1.06 0.73 0.38 0.39 1.54

CS-Gd0.05Dy0.15Ce0.8O1.9 0.03 0.0009 0.005 4.6×105 0.79 0.59 0.19 0.18 4

TSS-Gd0.05Dy0.15Ce0.8O1.9 0.03 0.0009 0.0047 5.7×105 0.82 0.58 0.19 0.19 0.8

CS-Dy0.2Ce0.8O1.9 0.00048 0.00006 0.0008 546.7 – – 0.25 0.25 3.55

TSS-Dy0.2Ce0.8O1.9 0.01 0.00015 0.0013 6.1×105 0.89 0.84 0.19 0.18 1.0
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where Cbulk and Cgb are the capacitances of the bulk and grain
boundary. These values derived from the impedance spec-
trum. With the specific grain boundary conductivity and the
bulk conductivity, the Schottky barrier height, Δϕ0, can be
calculated from Eq. (2):

σb

σsp
gb

¼ exp 2eΔφ0=KTð Þ
4eΔφ0=KT

ð2Þ

Where σb is the bulk conductivity, σgb
sp is the specific grain

boundary conductivity, and Δ φ 0 is Schottky barrier height.
Δφ 0 can be used to describe the depletion of electron holes in
the space charge layer [39]. The values of Δ φ 0 (Schottky
barrier height) at 400 and 500 °C for the doped and co-doped
ceramics are summarized in Table 3. It can be seen that co-
doped Gd0.05Dy0.15Ce0.8O1.9 and TSS-Gd0.15Dy0.05Ce0.8O1.9

electrolytes exhibit the lowest Schottky barrier height values
(Δ φ 0=0.19 and 0.22 V at 400 °C). The highest Schottky
barrier height belongs to the co-doped TSS and CS-
Gd0.1Dy0.1Ce0.8O1.9 electrolytes (0.38 and 0.39 V at 400 °C).

Guo and Waser [39] reported that in Y2O3-doped ZrO2

electrolytes, whenΔ φ 0 is very high (e.g., 0.35 V), the space
charge effect can be always dominant in the grain boundary
resistance. In that case, results show that the space charge
effect is dominant in TSS and CS-Gd0.1Dy0.1Ce0.8O1.9 at
400 and 500 °C. As reported [8, 38], a small amount of
SiO2 markedly increases the grain boundary resistance
too. Guo and Waser [39] indicated that for such situa-
tion, a much high coverage of grain boundaries by
siliceous phase is required. This situation is detected
in materials of normal purity. However, in materials of
high purity, the oxygen vacancy depletion in the space-
charge layer accounts for the grain boundary electrical
conductivity. Since the Schottky barrier height quantities
in co -doped Gd0 . 0 5Dy0 . 1 5Ce0 . 8O1 . 9 and TSS-
Gd0.15Dy0.05Ce0.8O1.9 electrolytes are low, the grain
boundary resistivity can be concluded to be intrinsic.

According to the obtained results, it can be noted that co-
doped Gd/Dy composition and sintering regime can individ-
ually influence on the grain boundary conductivity. The higher
grain boundary conductivity in TSS-Gd0.05Dy0.15Ce0.8O1.9

and Gd0.15Dy0.05Ce0.8O1.9 electrolytes indicated that two-
step sintering and co-doping strategy lead to the minor con-
centration of segregation dopants at grain boundary regions.
In addition, finer grain-sized TSS materials leads to disconti-
nuity of coverage the silicon-rich phase in the grain boundary
regions. The formation of stable and discrete Si- containing
phases at the grain boundary regions, dewetting of siliceous
inter-granular liquid phase, the change in the space charge
layer, and the change in the segregation and inter-phase struc-
ture were found to be the major factors affecting the grain

boundary conductivity. The collection of a Si-containing
phase into discrete configuration by pre-sintering heat treat-
ment in YSZ [45], YbSZ [46], and Gd-doped ceria [32]
electrolytes have been reported earlier. In the case of co-
doped CS-Gd0.15Dy0.05Ce0.8O1.9 electrolytes, it seems that
the secondary phase has been formed during the sintering
process. The dewetting of the inter-granular phase as a result
of the crystallization of the secondary phase can be effective in
reducing the effect of harmful siliceous phase at the grain
boundary.

The ionic conductivity of the co-doped TSS and CS-
Gd0.05Dy0.15Ce0.8O1.9 and TSS-Gd0.15Dy0.05Ce0.8O1.9 elec-
trolytes at 500 °C are presented in Table 4 together with
several other co-doped ceria-based ceramics for comparison.
It is clear that the ionic conductivity for the currently co-doped
(Gd-Dy) ceria is close to those obtained by some co-doped
cer ia e lectrolytes (e .g. , Y0 .1Sm0 .1Ce0 .8O1 .9 and
Gd0.1Sm0.05Ce0.85O1.925) and surpasses some of them in terms
of ionic conductivity.

Conclusions

The effect of co-doping and sintering conditions (CS and TSS
regime) on grain and grain boundary conductivity of ceria co-
doped electrolyte with Dy3+ and Gd3+ was investigated. The
results revealed that the co-doped electrolytes with an appro-
priate proportion of Dy3+ and Gd3+ (0.15 and 0.05 %mol)
could have higher conductivity than singly doped ceria with
the equal oxygen vacancy concentration. The co-doping as
well as the sintering regime has influenced the electrical
conductivity of grain boundary which leads to enhanced con-
ductivity at intermediate temperature in co-doped
Gd0.05Dy0.15Ce0.8O1.9 electrolyte.

Table 4 Ionic conductivity of some studied co-doped electrolyte-based
ceria at 500 °C

Sample σ500t (Scm
−1)

TSS-Gd0.15Dy0.05Ce0.8O1.9 0.0034 In the present study

CS-Gd0.05Dy0.15Ce0.8O1.9 0.005 In the present study

CS-Gd0.05Dy0.15Ce0.8O1.9 0.0047 In the present study

Ce0.85Gd0.75Y0.75O1.925 0.004 [26]

Ce0.85Gd0.75Y0.75O1.925 0.003 [26]

Ce0.85Gd0.75Nd0.75O1.925 0.002 [26]

Gd0.1Sm0.05Ce0.85O1.925 0.0046 [18]

Gd0.05Sm0.1Ce0.85O1.925 0.0035 [18]

Ca0.05Y0.1Ce0.85O1.925 0.006 [21]

Ce0.9(Sm0.5Nd0.5)O1.95 0.004 [23]

Y0.1Sm0.1Ce0.8O1.9 0.005 [24]
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