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In the present study, CeO2 and Eu2O3 doped Bi2O3 composite materials for solid oxide fuel cells were inves-

tigated. (Bi2O3)1−x−y(CeO2)x(Eu2O3)y ternary systems (x = 0.01, 0.03, 0.05, 0.07, 0.09, 0.11 and y = 0.11, 0.09,
0.07, 0.05, 0.03, 0.01 dopant concentrations) were fabricated at different temperatures (650, 700, 750, and 800 ◦C)
using conventional solid-state synthesis techniques. Characterization of these electrolyte samples were carried out
by X-ray powder diffraction, differential thermal analysis/thermal gravimeter, and the four-point probe technique
measurements. X-ray powder diffraction measurements showed that nearly all the samples have α+β+γ phase ex-
cept the samples with tetragonal β-phase sintered at 700, 750 ◦C and 750, 800 ◦C with the dopant ratios (x = 0.07,
y = 0.05) and (x = 0.09, y = 0.03), respectively. Four-point probe technique measurements showed that the
measured ionic conductivity of the stable samples vary in the range 1.05× 10−1–4.76× 10−1 S/cm. Additionally,
the activation energy values of the samples were calculated with the help of the Arrhenius equation adapted to
the logσ graphics versus 1000/T varying in the range 0.7799–0.8746 eV. This result shows that there is a good
relationship between the activation energy values and conductivity values.
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1. Introduction

In recent years, fuel cells have been widely studied as
very efficient electrochemical energy conversion devices
due to their high-energy conversion efficiency, low sys-
tem cost, high power density, environmental compatibil-
ity, very low pollution, as only operational byproduct
is water resulting from combustion of hydrogen used as
fuel [1–3]. Fuel cells are classified according to the type
of electrolyte and fuel used in their construction and run,
respectively and solid oxide fuel cells (SOFCs) have much
greater fuel flexibility and the highest energy conversion
efficiency with heat recovery. They generate electricity
by electrochemical reaction of hydrogen and oxygen in-
jected separately on anode and cathode electrodes of the
cell with a solid ceramic electrolyte in the middle [4].
One of the most important components of a SOFC is
electrolyte. Oxide-ion conducting solid electrolytes used
in SOFCs, are also used in oxygen sensor and oxygen
pumps [5, 6].

Electrolytes based on stabilised ZrO2 are electrolytes
used commonly in SOFCs and their operating temper-
ature is in the range of 750–1000 ◦C [7]. High operat-
ing temperature in SOFCs causes undesirable high cost
reactions between its metallic components [8]. There-
fore, many researchers have focused on Bi2O3-based
electrolytes operating in a lower temperature range
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(600–800 ◦C) [9, 10]. On the other hand, bismuth(III) ox-
ide (Bi2O3) is an important functional material. Bi2O3-
based electrolytes are used more in the SOFC and oxygen
sensor applications for also exhibiting high ionic conduc-
tivity more than the zirconium-based electrolyte at the
same temperature [10, 11].

Bi2O3 has six polymorphic phases, such as α-Bi2O3

(monoclinic), β-Bi2O3 (tetragonal), γ-Bi2O3 (cubic,
bcc), δ-Bi2O3 (cubic, fcc), ε-Bi2O3 (orthorhombic) and
ω-Bi2O3 (triclinic). α, β, γ, and δ-phases have been
widely studied in SOFCs in order to achieve high ionic
conducting electrolytes [12–14]. The face-centered cu-
bic (fcc) δ- Bi2O3 phase has stable fluoride type struc-
ture and exhibits the highest oxygen ionic conductiv-
ity among all bismuth oxide phases in SOFCs [15, 16].
The tetragonal β-Bi2O3 phase and the body centered cu-
bic (bcc) γ-Bi2O3 phase metastable structure show good
oxygen ionic conductivity property [17]. Therefore, in or-
der to preserve high conductivity properties of δ-Bi2O3,
β-Bi2O3 and γ-Bi2O3 phases, bismuth oxide based elec-
trolytes can be more stabilized by addition of rare earth
elements such as Ho, Dy, Er, Tb, Tm, Eu, and Ce into
pure Bi2O3 [18–21]. Many of the researchers have investi-
gated crystal structures, stabilities, and conductivities of
the bismuth based binary [17, 22–26] and ternary [27–30]
ceramic electrolytes obtained doping different earth-rare
elements.

In this study, we first have prepared 6 different pow-
der groups mixing CeO2, Eu2O3 powders with the
percentages (x = 0.01, 0.03, 0.05, 0.07, 0.09, 0.11,
y = 0.11, 0.09, 0.07, 0.05, 0.03, 0.01) keeping the
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percentage of Bi2O3 constant (0.88). Then, each of
these 6 group powders have been divided into 4 parts
and each of these 4 powders have been sintered in an
high temperature oven at 4 different temperatures (650,
700, 750, and 800 ◦C) for 48 h by solid-state synthesis
technique (SST). Hence, we have fabricated totally 24
(Bi2O3)1−x−y(CeO2)x(Eu2O3)y ternary solid electrolyte
samples. We have performed the characterization of the
samples by X-ray powder diffraction (XRD), differential
thermal analysis/thermal gravimeter (DTA/TGA), and
four-point probe techniques (FPPT). After completing
the characterization of the sample, we have selected 4
samples, two of which are group A4 and the other two
are group A5, since they have the best stable and high
conductive properties. Finally, we have discussed their
properties in detail.

2. Experimental procedures

2.1. Sample preparations

We synthesized totally 24 (Bi2O3)1-x-y(CeO2)x(Eu2O3)y
ternary system samples using bismuth(III) oxide (Bi2O3,
purity 99.99%, Alfa Aesar), cerium(II) oxide (CeO2,
purity 99.99 %, Alfa Aesar), and europium(III) oxide
(Eu2O3, purity 99.99 %, Alfa Aesar) as precursor com-
posite materials. To do this, firstly the powders of CeO2

and Eu2O3 with the percentages (x = 0.01, 0.03, 0.05,
0.07, 0.09, 0.11 and y = 0.11, 0.09, 0.07, 0.05, 0.03, 0.01),
respectively and Bi2O3 with constant percentage (0.88)
were weighed, and then six powders were obtained mixing
them. Each of these six different powders were grounded
in an agate and they were labelled as A1, A2, A3, A4, A5,
and A6. Then, all the samples were annealed at 600 ◦C
for 24 h in an alumina crucible for preheating process.
After this process, these powders were again homoge-
neously mixed by grinding in an agate mortar and then
each of the powder corresponding to each of six labelled
powders were divided into 4 parts. Finally, each of these
4 powders corresponding to each of the six group was
synthesized in a ceramic crucible at 650, 700, 750, and
800 ◦C for 48 h, respectively. By this way 24 different
powder mixtures were prepared. The prepared powder
of each sample was divided into two parts. First parts
of these powders were used for XRD, DTA, and TGA
measurements. The second parts were pressed in a mold
of 10 mm diameter and 2 mm thickness under pressure
(10 MPa) to obtain a disk shaped pellet and then these
pellets were sintered at 700 ◦C for 10 h. These pellets
were used for FPPT measurements.

2.2. X-ray diffraction analyses

XRD measurements were carried out for the determi-
nation of the crystal structures of the samples, using a
Bruker AXS D8 Advance, equipped with a copper X-ray
source (λ = 1.544 Å), and a monochromatic eliminat-
ing Kα radiation. The measurements were carried out
varying 2θ from 10◦ to 90◦, scanning with a step of
0.002◦/min.

2.3. Thermal analyses

The thermal behavior of the powder samples
(20–50 mg) were determined by TGA/DTA thermal
analysis by means of the Diamond TG/ DTA-Perkin
Almer Marck device in the temperature range of
25–800 ◦C in an alumina crucible.

2.4. Electrical measurements

Electrical conductivities of the samples were mea-
sured using FPPT homemade system. The tempera-
ture changes of the samples heated in a controllable
Nabertherm mark furnace were determined using a
0.5 mm standard K type thermocouple. All of the elec-
trical measurements were taken by using Data Acqui-
sition Control System integrated with a PC, interface
card IEEE-488.2, multi meter with scanning card (Keith-
ley 2700, 7700-2), programmable power supply (Keith-
ley 2400), and computer program written for this pur-
pose. The obtained data was used to plot the Arrhenius
conductivity.

3. Results

3.1. XRD measurement results

Table I shows phase composition of 24
(Bi2O3)1−x−y(CeO2)x(Eu2O3)y ternary system samples
with different percentages of CeO2 and Eu2O3 and
synthesized at four different temperatures (650, 700,
750, and 800 ◦C) obtained from XRD measurements.

XRD measurement results presented in Table I showed
that nearly all of the samples have α+β+γ phase except
two samples corresponding A4 group synthesized at 700,
750 ◦C and the other two samples corresponding to A5
group synthesized at 750, 800 ◦C. These four samples
have the most β-stable crystal structures compared to
the others. Therefore these samples were submitted to
the measurement of electrical properties.

Figure 1 shows the comparisons of the XRD patterns
of the A4 sample synthesized at 700 and 750 ◦C for 48 h.
As can be seen in Fig. 1, these XRD patterns show that
the crystal structure of samples belong to a tetragonal
type of the β-Bi2O3 phase. According to this result, the
synthesizing temperature change plays an important role
in the formation of metastable tetragonal β-Bi2O3 phase
for A4 sample. Figure 2 shows the comparisons of the
XRD patterns of the A5 sample synthesized at 750 and
800 ◦C for 48 h. As shown in this figure, XRD patterns
of the A5 sample have quite similar properties compared
to A4 sample. From this figure, it is observed that the
A5 sample synthesized at 750 and 800 ◦C for 48 h have
metastable β-Bi2O3 phase and this phase formed with
the increase of synthesizing temperature.

Table II shows lattice parameters obtained using
Diffrac Plus Eva software and Win-Index program of
the stable samples having tetragonal β-Bi2O3 phase. As
can be seen in Table II, the lattice parameters of A4
and A5 samples synthesized at 750 ◦C for 48 h decrease
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Fig. 1. XRD patterns of the A4 sample synthesized at
(a) 700 ◦C and (b) 750 ◦C for 48 h.

Fig. 2. XRD patterns of the A5 sample synthesized at
(a) 750 ◦C and (b) 800 ◦C for 48 h.

TABLE I

Phase composition and doping amounts of the (Bi2O3)1−x−y(CeO2)x(Eu2O3)y ternary system. x, y are in [mol%].

Synthesizing
temperature [ ◦C]

Synthesizing
time [h]

A1 A2 A3 A4 A5 A6
x = 1 x = 3 x = 5 x = 7 x = 9 x = 11

y = 11 y = 9 y = 7 y = 5 y = 3 y = 1

650 48 α+ β + γ α+ β + γ α+ β + γ α+ β + γ α+ β + γ α+ β + γ

700 48 α+ β + γ α+ β + γ α+ β + γ β α+ β + γ α+ β + γ

750 48 α+ β + γ α+ β + γ α+ β + γ β β α+ β + γ

800 48 α+ β + γ α+ β + γ α+ β + γ α+ β + γ β α+ β + γ

TABLE II

Doping amounts and lattice parameters of the (Bi2O3)0.88(CeO2)0.07(Eu2O3)0.05 and (Bi2O3)0.88(CeO2)0.09(Eu2O3)0.03
samples synthesized at 700, 750, and 800 ◦C for 48 h.

Samples
CeO2 (x)
[mol%]

Eu2O3 (y)
[mol%]

Bi2O3 (1-x-y)
[mol%]

Synthesizing
temperature [ ◦C]

Synthesizing
time [h]

Phase
Lattice parameters

a [Å] b [Å] c [Å]
A4 7 5 88 700 48 β 7.7606 7.7606 5.6594
A4 7 5 88 750 48 β 7.7650 7.7650 5.6626
A5 9 3 88 750 48 β 7.7506 7.7506 5.6530
A5 9 3 88 800 48 β 7.7433 7.7433 5.6499

with increase of CeO2 content. The lattice parame-
ter, a-b and c, values of the samples in good agree-
ment with tetragonal β-Bi2O3 phase obtained from XRD
measurements and a-b and c values of the samples are
in the range of 7.7433–7.7650 and 5.6499–5.6626 Å,
respectively [17, 31].

3.2. Electrical conductivity measurements

We have carried out FPPT for the conductivity mea-
surements of the samples having tetragonal β-phase,
which have been performed within the temperature range

of 100–800 ◦C. In Fig. 3, the electrical conductivity
log σ curves of the A4 and A5 samples sintered at
temperature range of 700–800 ◦C are given. As shown
in this figure, all the curves are similar with each
other. Conductivity values corresponding to different
temperatures of stable samples were determined directly
from Fig. 3.

The activation energies of the samples having β-Bi2O3

and their conductivity values corresponding to different
temperatures which are directly from curves have been
calculated from the Arrhenius equation
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Fig. 3. The temperature dependence of electrical con-
ductivities of the (Bi2O3)0.88(CeO2)0.07(Eu2O3)0.05 and
(Bi2O3)0.88(CeO2)0.09(Eu2O3)0.03 samples synthesized
at 700, 750, and 800 ◦C for 48 h.

σ = σ0 exp

(
− Ea
kBT

)
where σ0 is the conductivity, T is the temperature in
K, Ea is the activation energy of O2− ions, kB is the
Boltzman constant (1.38× 10−23 J/K).

We calculated the activation energies of the samples
using a part of their conductivity curves with a constant
slope and belonging to T1 and T2. The obtained con-
ductivity values of the samples from their conductivity
curves (Fig. 3) and their calculated activation energy val-
ues are given in Table III.

On the other hand, comparison of electrical conduc-
tivity was carried out for stable samples at the range
of operating temperature of IT-SOFC, they are given
in the last column in Table III. As expected, conduc-
tivities of the stable samples increase with decrease of
activation energy values. All electrical conductivity val-
ues have similar characteristics as expected for solid ce-
ramic materials based Bi2O3. As it can be seen in this
table, A5 synthesized at 800 ◦C for 48 h has the best
electrical conductivity and the highest conductivity value
of this sample was measured as 4.76 × 10−1 S/cm at
700 ◦C. On the other hand, the A5 sample synthesized
at 800 ◦C for 48 h has lowest activation energy value
(0.7799 eV).

TABLE III

Electrical conductivities corresponding to T1 and T2, calculated activation energy values belonging to T1 and T2 of the
samples (Bi2O3)0.88(CeO2)0.09(Eu2O3)0.03 synthesized at 700, 750 and 800 ◦C for 48 h and electrical conductivity at
700 ◦C of the stable samples.

Samples
CeO2

(x)
[mol%]

Eu2O3

(y)
[mol%]

Bi2O3

(1-x-y)
[mol%]

Synthesizing
temperature [ ◦C]

T1-T2

[K]
σ1

[S/cm]
σ2

[S/cm]
Ea

[eV]

σ

(700 ◦C)
[S/cm]

A4 7 5 88 700 703–893 7.99× 10−5 1.34× 10−3 0.8040 2.08× 10−1

A4 7 5 88 750 703–813 1.12× 10−4 7.43× 10−4 0.8484 1.89× 10−1

A5 9 3 88 750 883–953 7.79× 10−4 1.81× 10−3 0.8746 1.05× 10−1

A5 9 3 88 800 663–873 2.38× 10−5 6.32× 10−4 0.7799 4.76× 10−1

3.3. Thermal analysis

Figure 4 shows the DTA and TGA curves of the A5
sample sintered in 750 ◦C for 48 h. As can be seen from
DTA curve, exothermic peak on the cooling cycle and
endothermic peak on the heating cycle are seen at 600 ◦C
and 650 ◦C, respectively. At this temperature, there is a
transition from tetragonal β-phase to cubic δ-phase ac-
cording to the conductivity curve (Fig. 3). Therefore, it
is seen that this result is confirmed when the conductivity
curves are compared with each other. During examina-
tion of electrical conductivity curve of this sample, it can
be seen that the conductivity has increased up by nearly
two orders of magnitude at 650 ◦C as the temperature
increases.

The TGA curve of the A5 sample sintered in 750 ◦C for
48 h shows that there is no mass loss during the heating
and cooling process.

Figure 5 shows DTA and TGA curves of the A5 sample
sintered at 800 ◦C for 48 h. As can be seen in Fig. 5, DTA
curve of this sample has similar characteristics with DTA
curve of A5 sample sintered in 750 ◦C for 48 h (Fig. 4). An
exothermic peak on the cooling cycle and endothermic
peak on the heating cycle are seen at 600 ◦C and 650 ◦C,
respectively. At this temperature, there is a transition
from tetragonal β-phase to cubic δ-phase according to
the conductivity curve (Fig. 3). As can be seen from
TGA curve of this sample, there is almost no weight loss
during the heating and cooling treatment processes.
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Fig. 4. DTA/TGA curves of sample
(Bi2O3)0.88(CeO2)0.09(Eu2O3)0.03 sintered at 750 ◦C
for 48 h.

Fig. 5. As in Fig. 4 but at 800 ◦C.

4. Conclusions

In this work, 24 (Bi2O3)1−x−y(CeO2)x(Eu2O3)y
ternary system samples with different percentages (x =
0.01, 0.03, 0.05, 0.07, 0.09, 0.11 and y = 0.11, 0.09, 0.07,
0.05, 0.03, 0.01 dopant concentrations) keeping the per-
centage of the Bi2O3 constant (0.88%) were fabricated by
the SST sintering at 650, 700, 750, and 800 ◦C for 48 h.
Characterization of the samples was performed by XRD,

FPPT, DTA, and TGA measurements. According to the
XRD results, two samples in A4 group (x = 0.07 and y =
0.05) sintered at 700, 750 ◦C and two samples in A5 group
(x = 0.09 and y = 0.03) sintered at 750, 800 ◦C have
tetragonal β-phase. It was also observed that the lat-
tice parameters of the (Bi2O3)0.88(CeO2)0.07(Eu2O3)0.05
and (Bi2O3)0.88(CeO2)0.09(Eu2O3)0.03 samples synthe-
sized at 750 ◦C for 48 h decreased with increase of CeO2

content. FPPT measurements have shown that the mea-
sured ionic conductivity of the stable samples vary in the
range 1.05×10−1–4.76×10−1 S/cm. On the other hand,
it was found that there is a good correlation between the
activation energy values (0.7799–0.8746 eV) and conduc-
tivity values. DTA and TGA measurements showed that
there is a good correlation between the endothermic and
exothermic reactions and the phase transitions.

As a result, electrolyte samples having stable structure
fabricated by us, after carrying out long-term tests of
durability and efficiency, can be used for SOFCs.
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