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Synthesizing of (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y Electrolytes
for Intermediate-Temperature Solid Oxide Fuel Cells

M. Kaşikci Özena, R. Kayalia,∗, N. Çiçek Bezirb and A. Evcinc

aDepartment of Physics, Science-Literature Faculty, Niğde University, Niğde, Turkey
bDepartment of Physics, Science-Literature Faculty, Süleyman Demirel University, Isparta, Turkey

cDepartment of Materials Science and Engineering, Faculty of Engineering,
University of Afyon Kocatepe, Afyonkarahisar, Turkey

(Received January 12, 2015; in final form December 7, 2015)
In present study, Ho2O3 and Dy2O3 doped Bi2O3 composite materials for intermediate-temperature solid oxide

fuel cells (IT-SOFCs) were investigated. (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems (x = 0.11, 0.13, 0.15
and y = 0.01, 0.03, 0.05, 0.07) were fabricated using conventional solid-state synthesis techniques. The samples
were characterized by means of X-ray powder diffraction, scanning electron microscopy, energy dispersive X-ray
spectroscopy, differential thermal analysis/thermal gravimeter, and the four-point probe technique. X-ray powder
diffraction measurements indicated that all samples have the stable fluorite type face centered cubic (fcc) δ-Bi2O3

phase. Scanning electron microscopy micrographs of all of the samples showed that grain size distribution was
uniform. Four-point probe technique measurements showed that the conductivity of the samples increase with
increase of temperature. Additionally, it has been found that the maximum conductivity values of all samples
fall in a range 8.44 × 10−2−4.60 × 10−1 S cm−1 and their conductivity values corresponding to the intermediate-
temperature region vary in the range 1.65×10−3−2.30×10−1 S cm−1. The activation energy values of the samples
were calculated from log σ graphics versus 1000/T using the Arrhenius equation. It was found that there is a good
agreement between the activation energy values and conductivity values.
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1. Introduction

In recent years, fuel cells are attracting tremendous
interest because of their direct conversion ability of the
electrochemical energy stored in fuel into electrical en-
ergy, low system cost, very low pollutants, and great po-
tential for power-generation to meet the demand of var-
ious applications with high efficiency. There are many
types of the fuel cells and they are, generally, classified
according to the electrolyte types used [1], such as phos-
phoric acid fuel cell (PAFC), proton exchange membrane
(PEM) fuel cell, molten carbonate fuel cell (MCFC), di-
rect methanol fuel cell (DMFC), alkaline fuel cell (AFC)
and solid oxide fuel cell (SOFC) [2–6] in which solid oxide
ceramic electrolytes are used [7–10].

Electrolytes are known as the heart of the SOFC’s
and the first conventional solid oxide ceramic electrolytes
are ytterbium doped stabilized zirconium based elec-
trolytes and there are many researchers who have been
already studying on different doped zirconia-based elec-
trolytes [11–13]. Yttrium stabilized zirconia-based (YSZ)
electrolytes have high ionic conductivity (≈0.1 S cm−1)
at temperature range (800–1000 ◦C) [14] and similar con-
ductivity values have been obtained for Mg doping in-
stead of Y, but it is achieved at very high tempera-
ture range (1300–1500 ◦C) [15]. The high temperature
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contributes to an increase in conductivity, on the other
hand, it leads to many difficulties, such as corrosion
of the metallic components, a decrease in the perfor-
mance of SOFC and expansion of the component ma-
terials causing matching problems [16]. Thus many re-
searchers have focused on developing the electrolytes op-
erating at lower temperature ranges (600–800 ◦C). This
temperature range is called intermediate temperature
range (IT) and the solid oxide fuel cells operating in
this temperature range are named the intermediate tem-
perature solid oxide fuel cells (IT-SOFCs). Most of the
electrolytes studied by the researchers so far are the
bismuth-based electrolytes since they have superb ionic
conductivity (≈0.1 S cm−1) at IT range [17–19]. Addi-
tionally, these bismuth-based electrolytes show that they
have high conductivity rapid start-up, but not have bet-
ter stability, improved durability and higher robustness
compared to zirconium-based electrolytes [19–21]. These
studies, especially, have been concentrated on bismuth-
based binary [22–24] and ternary type ceramic elec-
trolytes [17, 25–28] to improve their conductivity, sta-
bility and durability. Researchers studying the binary
system electrolytes have observed that nearly all of them
have the stable cubic δ-Bi2O3 phase and their conductiv-
ities vary from ≈10−7 to ≈10−2 S cm−1 [20, 29]. The sta-
ble cubic δ-Bi2O3 phase is also dominant for the ternary
system electrolytes and the only difference is about the
conductivity values which are varying from ≈0.01 to
≈0.1 S cm−1 [16, 27, 30, 31].

There are studies on doping to BiYO ternary systems
in the literature and the highest conductivity achieved
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was 0.5 S cm−1 for Zr doping [32]. However α, β, γ
and δ phases of Bi2O3 are extensively studied by Norberg
et al. [33]. The other research group have made a similar
study on α, β, γ and δ-phases of Bi2O3 for IT-SOFC’s
and high ionic conductivity and stabilized δ-phase was
achieved by TiO2 doping [24]. The δ- Bi2O3 phase ex-
hibits the highest oxygen conductivity among all bismuth
oxide phases in IT-SOFC’s [34, 35]. The stable δ-phase
of Bi2O3 is obtained only in the temperature range of
730–825 ◦C and exhibit lower conductivity at tempera-
tures below 730 ◦C [36–38]. Therefore, in order to obtain
the electrolytes with high ionic conductivity properties
and stable fluoride type face-centered cubic (fcc) δ-Bi2O3

phase at IT region, researchers have investigated doping
Bi2O3 by MOx (M = Ho, Dy, Er, Tb, Tm, Eu, Ce, etc.)
type oxides and as a result ternary systems [28, 39–43]
or binary systems [44–48] were obtained. The conclu-
sion drawn from these studies is the conductivities of the
ternary system electrolytes are higher than binary system
electrolytes.

In present study, we fabricated
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
(x = 0.11, 0.13, 0.15 and y = 0.01, 0.03, 0.05, 0.07)
having the stable fluoride type face-centered cubic
(fcc) δ-Bi2O3 phase that can be used as an electrolyte
material in the IT-SOFC’s by the SST method. The fab-
ricated samples were characterized by X-ray powder
diffraction (XRD), scanning electron microscopy (SEM),
energy dispersive X-ray spectroscopy (EDX), differential
thermal analysis (DTA), thermal gravimetry analysis
(TGA), and the four-point probe technique (FPPT)
in order to examine their morphological, structural,
thermal and electrical properties.

2. Experimental procedures

2.1. Sample preparations

We produced three different group samples
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary system,
naming as group A (A1, A2, A3, A4, for x = 11 and
y = 1, 3, 5, 7), group B (B1, B2, B3, B4, for x = 13
and y = 1, 3, 5, 7), and group C (C1, C2, C3, C4, for
x = 15 and y = 1, 3, 5, 7) by SST using the appropriate
amounts of holmium (+3) oxide (Ho2O3, purity 99.99%,
Alfa Aesar), dysprosium (+3) oxide (Dy2O3, purity
99.99%, Alfa Asear) and bismuth (+3) oxide (Bi2O3,
purity 99.99%, Alfa Aesar).

The flow chart showing the experimental steps to fab-
ricate the samples and their preparations for the mea-
surements is given in Fig. 1.

The desired proportion of each of the ceramic materials
was accurately weighed out in stoichiometric quantities
and then they were homogeneously mixed by grinding in
an agate mortar. Each of the powder mixtures was syn-
thesized in a ceramic crucible at 750 ◦C for 48 h to ob-
tain stable fluorite type face centered cubic (fcc) δ-Bi2O3

phase and by this way 12 different powder mixtures were
prepared.

Fig. 1. Experimental flow chart of
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary system
samples.

The prepared powder of each sample, first, was divided
into two parts. One part was employed to obtain pellets
with a diameter of 10 mm and thickness of 2 mm by ap-
plying 10 MPa then these pellets were sintered at 650 ◦C
for 10 h. These pellets were used for SEM, EDX, and
FPPT measurements. The other part was left in powder
form for XRD, DTA, and TGA measurements.

2.2. X-ray diffraction analyses
XRD powder diffraction measurements were performed

for the determination of the crystal phases of the sam-
ples, using a Shimadzu XRD-6000, equipped with a cop-
per X-ray source (λ = 1.544 Å), and a monochromatic
eliminating Kβ radiation. During the measurements,
the scanning was carried out from 20◦ to 80◦ with a
step of 0.002◦/min. The unit cell parameters and crys-
talline phases of the samples were determined by Match
software.

2.3. Microstructural studies
The surface morphology and microstructure of sam-

ples were determined by SEM using a LEO 1430 VP.
The samples were coated by gold ahead of the SEM mea-
surements. The local composition of grains were deter-
mined via EDX that is attached to the SEM.
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2.4. Thermal analyses

Thermal analysis (DTA/TG) of the samples was stud-
ied by using a NETZSCH model device, in the temper-
ature range of 25–800 ◦C with 0.001–30 K/min heating
rate.

2.5. Electrical measurements

The electrical conductivity measurements of the sam-
ples in the form of the pellet were performed by means
of our home made FPPT system. All of the electri-
cal measurements were determined by using Data Ac-
quisition 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 and discussion

3.1. XRD measurement results
Figure 2 shows the XRD patterns of the pow-

der samples with varying holmium oxide and dys-
prosium oxide contents. As seen from Fig. 2, all
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y samples have a stable
fluorite type face centered cubic (fcc) δ-Bi2O3 phase in
a wide stoichiometric doping range. As a result, we can
say that these different doping ratios of the dopants do
not change the stable cubic δ-Bi2O3phase of the samples.
In the present study, we investigated only the samples
sintered at 750 ◦C for 48 h, since the highest ionic con-
ductivity was obtained at this sintering temperature in
our previous similar research [49].

Fig. 2. XRD patterns of the
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary system
samples sintered at 750 ◦C for 48 h.

Figure 3 shows the variation of the lattice parameter, a,
depending on the amount of Dy2O3 doped A, B, and
C group (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary sys-
tem samples. As can be seen in Fig. 3, the lattice pa-
rameters of all samples decrease with increasing Dy2O3

content. The lattice parameter, a, values of the samples

Fig. 3. Variation of the lattice parameter, a, of A, B,
and C group samples as a function of Dy2O3 amount.

obtained from XRD measurements are given in Table I
and they are in the range 5.5400–5.4862 Å. These results
are in a good agreement with the results obtained from
similar studies in literature [7, 24, 25].

The decrease in lattice parameters of the samples
(A, B and C groups) may be attributed to the difference
between the ionic radii of Bi+3 and Dy+3. The ionic
radius of Dy+3 (105.2 pm) is smaller compared to the
ionic radius of Bi+3 (117.0 pm). Therefore, a decrease
is expected in lattice parameters of the samples with the
increasing amount of Dy+3 [8].

3.2. Electrical conductivity measurements

We have carried out FPPT for the conductivity mea-
surements for solid electrolytes and all conductivity mea-
surements of the samples were performed within the tem-
perature range of 150–910 ◦C. Figure 4a–c shows the tem-
perature dependence of electrical conductivities of the
A, B, and C group samples, respectively. All conductiv-
ity curves show the typical characteristic of solid ceramic
materials and obey the Arrhenius equation. Conductiv-
ity values corresponding to different temperatures were
determined directly from curves and their activation en-
ergy values have been calculated from their log σ graphics
using the Arrhenius equation

σ = σ0 exp

(
− Ea

kBT

)
, (1)

where σ0 is the conductivity, Ea is the activation en-
ergy of the O−2 ions, T is the temperature in K, kB is
the Boltzmann constant having value 1.38× 10−23 J/K.
We calculated the activation energies of all samples using
a part of their conductivity curves with a constant slope
and corresponding to the IT-region (T1–T2). The ob-
tained conductivity values of the samples from their con-
ductivity curves are given in Fig. 4 and their calcu-
lated activation energy values samples have been given
in Table I.
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TABLE I

Doping amount of (Bi2O3), (Ho2O3), (Dy2O3), electrical conductivity, activation energies and lattice
parameters of the samples annealed at 750 ◦C for 48 h.

Samples
Ho2O3

(x)
[mol%]

Dy2O3

(y)
[mol%]

σmax

[S cm−1]
Tmax

[ ◦C]
σ1

[S cm−1]
σ2

[S cm−1]
T1

[ ◦C]
T2

[ ◦C]
Ea

[eV]

Lattice
parameter

[Å]
A1 11 1 1.51×10−1 784 1.18×10−2 1.51×10−1 580 784 0.97 5.5400
A2 11 3 4.60×10−1 910 2.74×10−3 1.80×10−2 567 765 0.71 5.5250
A3 11 5 4.42×10−1 882 4.05×10−2 1.14×10−1 672 766 0.93 5.4950
A4 11 7 2.30×10−1 880 2.29×10−3 9.12×10−2 516 785 0.98 5.4870
B1 13 1 2.37×10−1 791 1.65×10−3 5.86×10−2 492 785 0.85 5.5400
B2 13 3 1.27×10−1 868 4.46×10−3 2.88×10−2 562 715 0.86 5.5203
B3 13 5 1.50×10−1 843 5.21×10−3 2.45×10−2 652 776 0.74 5.5050
B4 13 7 1.83×10−1 855 3.98×10−3 1.97×10−2 608 784 0.73 5.4995
C1 15 1 8.44×10−2 871 8.6×10−3 2.82×10−2 667 797 0.79 5.5400
C2 15 3 2.91×10−1 869 1.85×10−3 1.76×10−2 585 765 0.96 5.5250
C3 15 5 1.83×10−1 784 1.13×10−2 7.07×10−2 620 770 0.98 5.5000
C4 15 7 1.37×10−1 829 3.86×10−3 1.11×10−1 541 783 1.02 5.4862

As seen from Fig. 4a, all curves have similar character-
istics as expected for solid ceramic materials. Nearly all
samples begin to become conductive around 300 ◦C and
their conductivities increase abruptly above this temper-
ature. This is an expected result because the number of
the free O−2 ion vacancies increases with increasing tem-
perature resulting in an increase in the conductivity of
the ceramic materials [50]. As seen from Table I, the sam-
ples in group A have the maximum conductivity values
corresponding to different Tmax temperatures (A1: 1.51×
10−1 S cm−1 at 784 ◦C, A2: 4.60×10−1 S cm−1 at 910 ◦C,
A3: 4.42×10−1 S cm−1 at 882 ◦C, A4: 2.30×10−1 S cm−1

at 880 ◦C). Also, the conductivity values of these samples
(σ1 and σ2) corresponding to the beginning and end of
the IT region are close to these maximum conductivity
values. The calculated activation energies of A1, A2, A3,
and A4 samples belonging to IT-region are 0.97, 0.71,
0.93, and 0.98 eV, respectively. As seen in Table I, there
is a good agreement between the activation energies and
the conductivity values of these samples. Because, the
conductivities of all samples increase with decrease in ac-
tivation energy. It is well known that O−2 ion vacancies
increase with the temperature when a ceramic material
has a small activation energy [50]. Hence the flow of
the O−2 ions will increase resulting in an increase in the
conductivity.

Figure 4b and c shows log σ versus 1000/T curves of
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems (x =
0.13 and y = 0.01, 0.03, 0.05, 0.07) and (x = 0.15
and y = 0.01, 0.03, 0.05, 0.07), respectively. The con-
ductivity curves of these samples show similar behaviors
as group A samples. As seen from Table I, all B and
C group samples have the maximum conductivity values
corresponding to different Tmax temperatures (B1: 2.37×
10−1 S cm−1 at 791 ◦C, B2: 1.27×10−1 S cm−1 at 868 ◦C,
B3: 1.50×10−1 S cm−1 at 843 ◦C, B4: 1.83×10−1 S cm−1

Fig. 4. The temperature dependence of electrical
conductivities of the (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y
samples (y = 0.01, 0.03, 0.05, 0.07) developed at 750 ◦C
for 48 h for (a) A group (x = 0.11), (b) B group
(x = 0.13), and (c) C group (x = 0.15).

at 855 ◦C and C1: 8.44 × 10−2 S cm−1 at 871 ◦C, C2:
2.91 × 10−1 S cm−1 at 869 ◦C, C3: 1.83 × 10−1 S cm−1

at 784 ◦C, C4: 1.37× 10−1 S cm−1 at 829 ◦C). And also,
the conductivity values of these samples (σ1 and σ2) cor-
responding to the beginning and end of the IT region are
close to these maximum conductivity values as in A group
samples. The activation energies of B1, B2, B3, B4 and
C1, C2, C3, C4 are 0.85, 0.86, 0.74, 0.73 and 0.79, 0.96,
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0.98, 1.02 eV, respectively. All these obtained conduc-
tivity and activation energy values of the samples are in
a good agreement with the results obtained from similar
studies in literature [17, 28, 40].

3.3. SEM measurement results

Figure 5 shows SEM images of A group sam-
ples of (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
(A1, A2, A3, and A4). As seen from Fig. 1, A1 sample
has a very porous structure compared the other samples
and there is no homogeneity in the grain sizes. Grain
size in A2 and A3 samples become larger with increas-
ing Dy2O3 and decreasing Bi2O3 amount. The shapes of
the grains also become smoother compared A1 sample.
When A4 is compared to other samples, the grain size in
the A4 is larger than A1 and smaller than A2 and A3.
It is not observed any porosity in A2, A3 and A4. If we
compare the electrical conductivity of A1 sample with the
other samples it is seen that its conductivity is smaller
than A2, A3, and A4 samples. This result can be at-
tributed to the smoothness of the surfaces of these sam-
ples and a bit to the amount of the Dy2O3.

Fig. 5. SEM images of
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
A1 (x = 0.114, y = 0.01), A2 (x = 0.11, y = 0.03),
A3 (x = 0.11, y = 0.05), and A4 (x = 0.11, y = 0.07).

Figure 6 shows SEM images of B group sam-
ples of (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
B1, B2, B3, and B4. As seen from the figure, sample B1
has large sized grains, no pore, a rather smooth surface,
and has the highest conductivity compared to other sam-
ples. On the other hand, while the grain sizes of the sam-
ples B2, B3, and B4 decrease alternately, conversely to
this the conductivities of these samples increase. This
can be explained with the increase of the amount of
Dy2O3 and a little bit with the size of the grains and

porosity of the samples. As seen from Fig. 6, the sizes of
the grains in B3 and B4 samples are smaller compared B1
and B2 samples and also B3 and B4 samples have much
more porosity structure. As a result we can say that
porosity plays an important role on the conductivity of
the samples to decrease.

Fig. 6. SEM images of
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
B1 (x = 0.13, y = 0.01), B2 (x = 0.13, y = 0.03),
B3 (x = 0.13, y = 0.05), and B4 (x = 0.13, y = 0.07).

Fig. 7. SEM images of
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
C1 (x = 0.15, y = 0.01), C2 (x = 0.15, y = 0.03),
C3 (x = 0.15, y = 0.05), and C4 (x = 0.11, y = 0.07).

Figure 7 shows SEM images of C group sam-
ples of (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems
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C1, C2, C3, and C4. As seen from this figure, the sizes
of the grains in samples C4, C2, and C3 are greater than
each other, respectively. These samples have rather ho-
mogeneous distribution of grains and also less porosity.
However, C1 has the smallest grain sizes and much more
pores compared to the other samples. When the conduc-
tivity of the samples has been compared, it is seen that
the conductivity of the samples increase with increasing
grain sizes of the samples and also this increase depends
on the distributions of the grains and the porosity of the
samples. Under the light of these results, we can say
that it is the expected result that the conductivities of
the samples C1, C4, C2, and C3 must be arranged as
being smaller than each other, respectively.

3.4. EDX measurement results

Chemical compositions of the samples were ob-
tained by EDX measurements. The nominal chem-
ical compositions of the as-prepared samples and
resulting compositions from EDX microanalysis of
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems were
given in Table II. It can be seen that there are very small
differences between the chemical compositions of the as-
prepared samples and the heat treated samples. There-
fore, starting and resulting compositions can be accepted
as similar and the small differences are attributed to the
experimental errors. Also these small differences can be
attributed to the experimental errors.

TABLE II

Nominal chemical compositions of the as-prepared samples and resulting compositions
from EDX microanalysis of (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y ternary systems developed
at 750 ◦C for 48 h.

Samples Nominal chemical composition Resulting composition (EDX analysis)
A1 (Bi2O3)0.88(Ho2O3)0.11(Dy2O3)0.01 (Bi2O3)0.86(Ho2O3)0.11(Dy2O3)0.03
A2 (Bi2O3)0.86(Ho2O3)0.11(Dy2O3)0.03 (Bi2O3)0.87(Ho2O3)0.11(Dy2O3)0.02
A3 (Bi2O3)0.84(Ho2O3)0.11(Dy2O3)0.05 (Bi2O3)0.85(Ho2O3)0.11(Dy2O3)0.04
A4 (Bi2O3)0.82(Ho2O3)0.11(Dy2O3)0.07 (Bi2O3)0.82(Ho2O3)0.14(Dy2O3)0.04

B1 (Bi2O3)0.86(Ho2O3)0.13(Dy2O3)0.01 (Bi2O3)0.88(Ho2O3)0.10(Dy2O3)0.02
B2 (Bi2O3)0.84(Ho2O3)0.13(Dy2O3)0.03 (Bi2O3)0.88(Ho2O3)0.11(Dy2O3)0.01
B3 (Bi2O3)0.82(Ho2O3)0.13(Dy2O3)0.05 (Bi2O3)0.83(Ho2O3)0.14(Dy2O3)0.03
B4 (Bi2O3)0.80(Ho2O3)0.13(Dy2O3)0.07 (Bi2O3)0.81(Ho2O3)0.12(Dy2O3)0.07

C1 (Bi2O3)0.84(Ho2O3)0.15(Dy2O3)0.01 (Bi2O3)0.83(Ho2O3)0.16(Dy2O3)0.01
C2 (Bi2O3)0.82(Ho2O3)0.15(Dy2O3)0.03 (Bi2O3)0.82(Ho2O3)0.16(Dy2O3)0.02
C3 (Bi2O3)0.80(Ho2O3)0.15(Dy2O3)0.05 (Bi2O3)0.82(Ho2O3)0.15(Dy2O3)0.03
C4 (Bi2O3)0.78 (Ho2O3)0.15(Dy2O3)0.07 (Bi2O3)0.80(Ho2O3)0.14(Dy2O3)0.06

3.5. Thermal analysis
Comparison of DTA and electrical conductivity curves

of the A1, B1, and C1 samples synthesized at 750 ◦C
for 48 h are given in Fig. 8a–c, respectively. As seen
from Fig. 8a, the first peak appearing at 315 ◦C on the
DTA curve indicates an exothermic reaction. At this
temperature there is a transition from monoclinic α-
phase to tetragonal β-phase according to the conductiv-
ity curve. Around 404 ◦C, thermogram of this composi-
tion shows a weak endothermic reaction implying that
the sample has tetragonal β-phase. However, at 469 ◦C
a strong endothermic reaction appears. It means that
there is an order/disorder transformation in the struc-
ture rather than the phase transformation and this re-
sult is confirmed by comparing the conductivity curves.
At 557 ◦C a strong exothermic reaction is observed.
When we take a look at conductivity curve of the sample,
it is seen that the sample has a mixed (β + δ)-phase at
this temperature. This temperature can be assumed as a

critical point for transition from β-phase to mixed (β+δ)-
phase. At 625 ◦C, a very strong endothermic reaction is
observed. At this temperature, the mixed (β + δ)-phase
completely transforms into δ-phase since that can be un-
derstood by rapid increase in the conductivity above this
temperature [49]. By comparing the DTA and electrical
conductivity curves in Fig. 8b and c it is observed that all
events occurring in these samples are nearly similar that
differs from the first sample. The same phase transitions
in these two samples are seen at the same temperatures
as the first sample.

Comparison of DTA and TGA curves of A1, B1,
and C1 samples synthesized at 750 ◦C for 48 h are given
in Fig. 9a–c, respectively. As seen from this figure,
the mass losses in all samples happen until approxi-
mately 470 ◦C, but after this temperature it has been
seen that there is no mass loss for all samples depending
on the exothermic and endothermic reactions.
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Fig. 8. Arrhenius plot of conductivity and DTA
curves for the (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y samples
(a) A1 (x = 0.11, y = 0.01), (b) B1 (x = 0.13, y = 0.01),
and (c) C1 (x = 0.15, y = 0.01) synthesized at 750 ◦C
for 48 h.

Fig. 9. TGA and DTA curves for the
(Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y samples (a) A1 (x =
0.11, y = 0.01), (b) B1 (x = 0.13, y = 0.01), and
(c) C1 (x = 0.15, y = 0.01) synthesized at 750 ◦C
for 48 h.

4. Conclusion

In this work, (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y (x =
0.11, 0.13, 0.15 and y = 0.01, 0.03, 0.05, 0.07) ternary
system materials were synthesized by the SST and their
structural, morphological, electrical, and chemical prop-
erties were investigated in detail using the data obtained
from XRD, EDX, SEM, FPPT, DTA, and TGA experi-
mental measurements. According to the XRD results all
the samples have completely homogeneous fluorite type
fcc δ-Bi2O3 phase. It was also observed that the lattice
parameters, a, of all samples decrease while the amount
of Dy2O3 doping materials increases. This decrease in
lattice parameter, a, was attributed to the difference in
ionic radii of Bi+3 and Dy+3 cations as Dy+3 cations has
smaller radius than Bi+3 and will replace Bi+3 in crys-
tal unit cell. EDX analysis results showed that chemical
compositions of all the (Bi2O3)1−x−y(Ho2O3)x(Dy2O3)y
ternary system samples did not change. The SEM
measurements showed that all samples have similar
grain sizes and distributions of the grains with an ex-
ception for sample B1 since its grain sizes are larger
compared to the others. On the other hand, FPPT
measurements indicate that conductivities of all sam-
ples corresponding the temperatures falling into IT re-
gion and have high values varying in the range of
≈10−3−10−1 S cm−1. FPPT measurements also showed
that the average conductivity values of group A (σAav =
5.27 × 10−1 S cm−1), B (σBav = 1.83 × 10−1 S cm−1),
and C (σCav = 3.16× 10−1 S cm−1) samples are smaller
than each other, respectively. In addition, sample A1
(Bi2O3)0.86(Ho2O3)0.11(Dy2O3)0.03 has the highest con-
ductivity value (σA1 = 1.51 × 10−1 S cm−1) among all
samples.

DTA and TGA measurements revealed that there is
a good agreement between the chemical reactions (en-
dothermic and exothermic) and the phase transitions and
order disorder phenomena.

As a result, all electrolyte samples fabricated by us
can be used for IT-SOFC’s after their durability and ef-
ficiency tests for long period of time.
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