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Abstract

Ho2O3 and Tm2O3 doped Bi2O3 composite electrolyte type materials for solid oxide fuel cells (SOFCs) operating at intermediate-

temperature were investigated. The bismuth-based ceramic powders were produced by using conventional solid-state synthesis

techniques. The products were characterized by means of scanning electron microscopy (SEM), X-ray powder diffraction (XRD),

differential thermal analysis/thermal gravimetry (DTA/TG), and the four-point probe technique (4PPT). XRD and DTA/TG

measurements indicate that all of the samples have the stable fluorite type face centered cubic (fcc) d-phase. 4PPT measurements

were performed in the temperature range 150–1000 1C in air and these measurements showed that the electrical conductivity of the

samples decrease with increasing amount of Tm2O3. This increase in the electrical conductivity of the samples could be attributed to the

increase in the numbers of highly polarizable cations and oxide ion vacancies. The highest conductivity value was found as

5.31� 10�1 O cm�1 for the (Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y ternary system (for x¼20 and y¼5 mol%) at 1000 1C. The activation

energies of the samples were calculated from log s graphics versus 1000/T. These calculated results showed that the translation motion

of the charge carriers, oxygen vacancies, and space charge polarizations are responsible for the change in activation energy as a function

of temperature.

& 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Solid oxide fuel cells (SOFCs) are very efficient electro-
chemical energy-conversion systems because of their high
energy conversion efficiency, high power density, clean and
environmentally friendly output when hydrogen is used as
fuel, and flexibility in using various fuels [1].A conven-
tional high temperature-SOFC (HT-SOFC) based on
yttria-stabilized zirconia (YSZ) electrolyte operates at a
high temperature range of 800–1000 1C. This high opera-
tion temperature causes an increase in the cost price of the
system and unwanted chemical reactions and mismatch
problems between the components of the SOFC, and the
special materials for isolation and interconnectors to be
e front matter & 2012 Elsevier Ltd and Techna Group S.r.l. A
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used in the construction of the SOFC. When the operation
temperature of SOFCs is decreased to a lower temperature
range for example 600–800 1C, it is possible to get rid of
many unwanted problems and obtain some advantages,
such as a significant reduction in production and applica-
tion costs, choice of different electrolyte materials and
other components such as metal interconnectors which
improve the overall stability, reliability, and performance
of SOFCs [2–5].
In recent years, Bi2O3-based materials have been considered

as potential materials for solid oxide fuel cell electrolyte due to
their high oxygen ionic conductivity. They have also been
shown to be the most promising electrolytes for intermediate
operating temperatures (600–800 1C) of SOFCs since they
have higher oxygen ion conductivity compared with other
materials with similar properties [6–8]. In addition, Bi2O3-
based materials are used in many industrial productions, such
ll rights reserved.
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as oxygen sensors, oxygen separation membranes, oxygen
pumps, catalyzing reactions, for the oxidation of hydrocarbons
and as additive material in paints [9–11]. Many researchers
have focused on the properties of oxide doped Bi2O3-based
electrolytes operating at intermediate temperatures and most
of them have attempted to overcome the instability problems
of the materials to obtain better performance in technological
applications [6–9,12]. Therefore, different types of bismuth
oxide-based electrolyte materials with stable structure and high
ionic conductivity need to be developed for the SOFC
applications. Researchers have carried out many studies to
synthesize single oxide-doped Bi2O3-based materials which
have high ionic conductivity at intermediate temperature but
lack of structural stability [13–15]. Also, double-layer electro-
lyte concept has been developed to overcome thermodynami-
cally instability of d-phase Bi2O3 [14–19]. Recently, in the
literature, some works [14–20] showed that the ionic conduc-
tivity of the double-doped systems has been found to be better
than the ionic conductivity of the single-doped systems.

The d-phase is one of the six known phases of Bi2O3 (a,
b, g, d, e, and o) [21]. It is stable only in the temperature
range 730–825 1C [22]. However, by the addition of
appropriate dopants, such as rare-earth material oxides
or many other oxides [23,24], the d-phase can be stabilized
and prevented even at room temperature [25].

In this work, we synthesized holmium oxide (Ho2O3)
and thulium oxide (Tm2O3) doped Bi2O3 nanoceramic
powders by the solid state reaction method for obtaining
the stable d-phase materials which can be used as an
electrolyte material in SOFCs. The morphological, struc-
tural, thermal and electrical properties of the synthesized
materials were investigated by using the SEM, XRD,
DTA/TG, and 4PPT.

2. Experimental procedures

2.1. Sample preparation

In order to synthesize the samples, bismuth(III) oxide
(99 � 99%, Alfa Asear), holmium(III) oxide (99 � 99%, Alfa
Asear) and thulium(III) oxide (99 � 99%, Alfa Asear) were
used as starting materials. Eight different compositions of
the ceramic oxide mixtures were prepared with x¼15,
20 mol% and y¼5, 10, 15, 20 mol% of the stoichiometric
amounts in the (Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y ternary
system. The electrolyte samples were prepared in two
steps. First, the desired proportion of each of the starting
materials (Bi2O3, Ho2O3, Tm2O3) was accurately weighed
and then they were thoroughly mixed by grinding in an
agate mortar. Then, an amount of each mixture powder
(2 g) was heated in an alumina crucible at 750 1C for 100 h
to obtain stable fluorite type face-centered cubic (fcc)
d-phase electrolyte samples. We used these prepared
mixtures in the XRD and DTA/TG measurements. The
rest of each mixture (1.5 g) was pressed in a die of 13 mm
diameter under pressure (10 t/cm2) to obtain a disk shaped
pellet and these pellets were sintered for a second time at
750 1C for 100 h in air to obtain long term phase stability.
All of the solid state reactions were performed using loose
powders, in alumina crucibles, in an air atmosphere and
without any compaction. We used these pellets in the SEM
and 4PPT measurements.

2.2. Structural and thermal measurements

The XRD measurements were carried out by using a
Bruker AXS D8 Advance type diffractometer with an
interval 2y¼101–901, scanning 0.0021/min, and Cu-Ka

radiation for the determination of the crystal structure of
the samples at room temperature. Then, the DiffracPlus
Eva-TOPAS 2 and WinIndex softwares were used to
determine the crystal structures, unit lattice cell parameters
(a, b, c, a, b, g), Miller indexes, and the distance, d, between
the layers.
The composite morphology of the samples was taken by

scanning electron microscopy (Leo 440 Computer Con-
trolled Digital) on samples sputtered with gold and
observed at an accelerating voltage of 10 kV.
The thermal behavior of the annealed materials was

investigated by TG/DTA by means of the Diamond TG/
DTA-Perkin Almer Marck system. About 20–50 mg of the
sample powder was heated at 200 1C min�1 in an alumina
crucible and cooled to room temperature during the
measurement under a stream of air.

2.3. Electrical measurements

The electrical conductivity measurements were carried
out by using the 4PPT on the powder materials which were
pressed into a disk shaped pellet. The measuring unit was
interfaced with a PC for on-line data acquisition and
processing. A Keithley 2400 sourcemeter was used to
provide a constant current and the potential drop was
detected by a Keithley 2700 multimeter with a 7700 data
logging card. Pt wires with a diameter of 0.5 mm were
employed as current and potential probes. Electrical
resistivity and conductivity were determined from the
detected current and voltage drop using a standard con-
version method. The temperature of the sample was
changed by a controllable Nabertherm furnace. The
temperature of the samples was also measured using
a0.5 mm standard K type thermocouple which was placed
very close to the sample and detected with the Keithley
2700 multimeter. By using the 4PPT, the measurement
errors due to wire resistance, the spreading resistance
under each wire, and the contact resistances between each
metal wire and the samples were eliminated.

3. Results and discussions

3.1. Structural analysis

In order to see the symmetry of the crystal structure and
any phase changes, the XRD patterns of all samples of
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(Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y system given in Fig. 1. As
seen from Fig. 1, these XRD patterns show that the crystal
structure of this sample belongs to a fluorite type fcc
symmetry of the d-phase Bi2O3. During the electrical
conductivity measurements, additional heat treatment
was applied to samples by a heating/cooling cycle and
there is no phase change even after electrical measurement.

The fcc d-phase structure clearly appeared and accord-
ing to the ICDD Grant-in-Aid primary reference, it
corresponds to a typical XRD spectrum of holmium
stabilized d-phase Bi2O3 for the calcined powder. The
reflection peaks appearing at 2y¼28.061 (1 1 1), 32.531
(2 0 0), 46.711 (2 2 0), 55.441 (3 1 1), 58.031 (2 2 2), 68.191
(4 0 0), 75.301 (3 3 1), 77.621 (4 2 0), and 86.701 (4 2 2) are
in a good agreement with results from the powder diffrac-
tion file (PDF). The unit cell parameters of the samples
were determined by using WinIndex software. The unit cell
parameter decreases with increasing the doping amount of
Tm2O3. The results were given in Table 1.

The XRD patterns were also taken from finely ground
powder; these mostly had submicron sized grains. The
average particle sizes of the d-phase type samples were also
determined by using XRD peak data in Scherrer–Warren
equations:

D¼ 0:9l= BcosyBð Þ ð1Þ

where l is the wavelength of the X-ray, D is the average
crystallite size, yB is the Bragg diffraction angle of the
considered XRD peaks, and B represents the fwhm line
broadening obtained as follows:

B2 ¼ B2
m2B2
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Fig. 1. The XRD patterns of all samples of

(Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y ternary system.
where Bm is the corrected half width which is obtained
from the observed half width of the selected XRD peaks
and Bs represents the half width of the reflections in the
internal standard sample. In this study, the resulting values
of the crystallite sizes obtained by using a Bruker AXS D8
the DiffracPlus Eva-TOPAS 2 from the strongest diffrac-
tion peaks that belong to the crystal planes of (1 1 1),
(2 0 0), (2 2 0) and (3 1 1) are given in Table 1.
Fig. 2 shows the variation of the crystallite sizes of the

materials (15 and 20% Ho2O3) as a function of the amount
of Tm2O3 (5, 10, 15, 20%). As seen from Fig. 2, the
crystallite sizes of both of these materials decrease with
the increasing amount of Tm2O3 and they become equal
to each other for 20 mol% of Tm2O3.
The SEM micrographs of the samples, (a) (Bi2O3)0.80

(Ho2O3)0.15(Tm2O3)0.05 and (b) (Bi2O3)0.75(Ho2O3)0.20(Tm2

O3)0.05 are shown in Fig. 3a and b, respectively. The
micrographs of the ground powders showed that grain
size distribution was not uniform. Improved connectivity
of the grains was observed with the increasing of Ho2O3

doping. The micrograph of the sample contains almost
fluently distributed and spherical shaped grains. The
presence of voids of irregular dimensions indicates that
the powders have a certain degree of porosity.

3.2. Thermal analysis

The DTA and TG curves of the (Bi2O3)0.80(Ho2O3)0.15
(Tm2O3)0.05 sample represented by blue and red lines,
respectively, are given in Fig. 4. The TG curve shows the
weight loss of the sample during the thermal treatment
process. As seen from the TG curve, there is almost no
mass loss during the heating and cooling process. This
means that the sample is stable at all temperatures. On the
other hand, neither endothermic peaks nor exothermic
peaks are seen between 30 and 800 1C during the heating
and cooling cycle. This shows that there is no phase
transition during the heat treatment and the d-phase is
preserved and stable even at room temperature.

3.3. Thermo-electrical properties

The electrical conductivity log s curves of the
(Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y ternary system for x¼15
mol% Ho2O3 and y¼5, 10, 15, 20 mol% Tm2O3 obtained
at 750 1C for 100 h in air versus 1000/T(1C) are given in
Fig. 5. The electrical conductivity measurements were
carried out from room temperature to just below the
melting point of the circular-shaped pellet samples. As
can be seen from Fig. 5, all the curves are coincident with
each other. This is the expected result since all of them
have the stable d-phase.
The electrical conductivity log s curves of the

(Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y ternary system for x¼20
mol% Ho2O3 and y¼5, 10, 15, 20 mol% Tm2O3 versus
1000/T(1C) are given Fig. 6. The behavior of these curves is
the same as the curves in Fig. 5.



Table 1

Doping amount, electrical conductivity, average crystallite size, activation energy and unit cell parameters of the samples annealed at 750 1C for 100 h.

Samples Ho2O3 doping

(x¼mole%)

Tm2O3 doping

(y¼mole%)

Bi2O3 doping

(1�x�y¼mole%)

Electrical conductivity

850 1C(O cm)�1
Crystallite

size (nm)

Activation

energy (eV)

Unit cell

parameter (Å)

A1 15 5 80 1.82� 10�1 68.10 0.76 5.494

A2 15 10 75 1.38� 10�1 62.20 0.77 5.491

A3 15 15 70 6.19� 10�2 46.10 0.76 5.482

A4 15 20 65 5.30� 10�2 34.10 0.77 5.455

B1 20 5 75 1.85� 10�1 119.10 0.75 5.496

B2 20 10 70 9.01� 10�2 89.30 0.78 5.477

B3 20 15 65 5.51� 10�2 52.90 0.86 5.460

B4 20 20 60 1.90� 10�2 33.20 1.01 5.441
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Fig. 2. The crystallite sizes of the materials as a function of Tm2O3

amount.

Fig. 3. The SEM micrograph for (a) (Bi2O3)0.80(Ho2O3)0.15(Tm2O3)0.05 and (b) (Bi2O3)0.75(Ho2O3)0.20(Tm2O3)0.05.

Fig. 4. DTA/TG curves of sample (Bi2O3)0.80(Ho2O3)0.15(Tm2O3)0.05.
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From Figs.5 and 6, it can be said that the Ho2O3 rich
samples have higher electrical conductivity than the Tm2O3

rich ones. The electrical conductivity values of the samples
corresponding to 850 1C are given in Table 1. It can be
seen that the conductivity of the samples decreases slightly
while the amount of Tm2O3 increases. This behavior can
be attributed to the decrease in the proportion of highly
polarizable cations and the number of oxide ion vacancies.
The highest conductivity value of the sample (x¼20 and
y¼5 mol%) is 5.31� 10�1 O cm�1 at 1000 1C. This can be
explained simply by the increase in the concentration of
vacancies due to the Ho cations located on the host sub-
lattice, which are available for oxide ion migration. The
distribution of vacancies affects the long range migration
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of oxide ions. Therefore, the conductivity of the sample
increases.

The activation energies of the samples can be obtained
from the Arrhenius equation. The temperature dependence
of electrical conductivity s also indicates that the electrical
conduction in the ceramic material is governed bythe
Arrhenius relation

r¼ s0exp �Ea=kBT
� �

ð3Þ

where s0 denotes the pre-exponential factors, Ea is the
activation energies of the mobile ions, kB is the Boltzmann’s
constant and T is the temperature in Kelvin. The calculated
activation energies of the samples are given in Table 1.

The activation energy values of the (Bi2O3)1�x�y

(Ho2O3)x(Tm2O3)y ternary systems for x¼15 mol%
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Fig. 5. The temperature dependence of total electrical conductivity (sT)

for x¼15 mol% Ho2O3 and y¼5, 10, 15, 20 mol% Tm2O3 (given in

Table 1).
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Fig. 6. The temperature dependence of total electrical conductivity (sT)

for x¼20 mol% Ho2O3 and y¼5, 10, 15, 20 mol% Tm2O3 (given in

Table 1).
Ho2O3 and y¼5, 10, 15, 20 mol% Tm2O3 and for x¼20
mol% Ho2O3 and y¼5, 10, 15, 20 mol% Tm2O3 synthe-
sized at 750 1C for 100 h in air were calculated. The
activation energy curves of these two samples versus
amount of dopant of Tm2O3 obtained using the calculated
activation energy values are seen in Fig. 7. The activation
energy results are also given in Table 1. For the samples
with x¼15 mole% Ho2O3 and y¼5, 10, 15, 20 mol%
Tm2O3, the activation energies of the samples are almost
the same and do not change with the amount of Tm2O3.
However, the activation energies of the second samples
with x¼20 mol% Ho2O3 increase by increasing the doping
amount of Tm2O3. This result shows that the electrical
conductivity of the samples decreases with mol% Tm2O3.
As expected, the sample with high activation energy has
low electrical conductivity. This can be seen in Table 1.
Since the dopant cations and oxide ion vacancies have
negative and positive charges, the attractions between
them are likely to be mainly responsible for the value of
the activation energy. The samples which exhibit the lowest
activation energy associated with the structure character-
ized by the fluorite type fcc lattice are likely to be
responsible for the opening of migration pathways for
the oxide ions, and consequently to a decrease in the
activation energy (Fig. 7).
The low temperature conductivity results (below 300 1C)

were not taken into consideration because of the poor
conductivities of the studied samples.

4. Conclusions

In this work, (Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y (x¼15,
20 mol%, y¼5, 10, 15, 20 mol%) ternary system materials
synthesized by the solid state reaction method were investi-
gated in detail and some important results were obtained from
XRD, TG/DTA, and 4PPT experimental measurements.
According to the XRD and DTA results all the samples have
a dominantly homogeneous fluorite type fcc d-Bi2O3 phase.
The stable d-phase of the (Bi2O3)1�x�y(Ho2O3)x(Tm2O3)y
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ternary system does not change in the operation conditions of
an SOFC. This property was observed for the first time in this
study. According to the conductivity measurement results, all
the samples have a high oxygen ion conductivity property. It
was observed that the electrical conductivity of all the samples
increase while the mole percentage of the Tm2O3 doping
materials decrease. The best electrical conductivity was
observed for the sample (Bi2O3)0.75(Ho2O3)0.20(Tm2O3)0.05
synthesized at 750 1C for 100 h and the maximum conductivity
value was measured as 5.31� 10�1 O cm�1 at 1000 1C. This
sample also has the lowest activation energy which is
calculated by using the Arrhenius equation. As consequences
of these results, we found that these materials can be used as
electrolyte, especially in SOFCs, due to their high oxygen ion
conductivity and structural stability properties.
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