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Abstract
In this study Bismuth-based nano-sized powders have been synthesized with Sol-Gel Pechini method by doping Er3+ and Yb3+.
The microstructural and electrical properties were characterized and discussed in detail. The fcc cubic structures (δ-phase) were
successfully obtained at 700, 750 and 800 °C. With the increase in sintering temperature, the range of cubic boundary values
decreased. The lattice parameter decreased independently of the temperature with the increasing total dopant ratio. Total dopant
rate should be minimum 18 mol%, respectively to obtain the δ-phase at 700 °C sintering temperature. On the other hand, dopant
amounts of Er and Yb cations should be at a certain value. Total electrical conductivity was measured under various temperature
conditions and doping concentration and Activation energies belong to samples are calculated. At the intermediate temperature
zone (selected as 510 °C) the conductivity values were decreased with the increasing total dopant ratio. Conversely, the
conductivity values were increased with the increasing total dopant ratio in the high-temperature region. Activation energies
of cubic samples were measured as around ~0.9–1.3 eV.
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1 Introduction

Electrolytes, an important component of solid oxide fuel cells,
have a dense and high oxygen ion conductivity [1]. Bismuth
oxide-based systems, face-centred cubic phase via lanthanide
doping regime, has one of the highest oxygen-ion conductiv-
ities among all solid oxide electrolytes [2]. To obtain a high
concentration of charge carriers, the fluorite oxides are doped
with either divalent or trivalent cations [1].

Due to the highly anionic conductivity properties,
Bismuth-based solid electrolytes are used in industry in the
production process of some solid oxide electrolytes and mem-
branes and the production of electrochemical cells [3, 4].
Monoclinic phase (α-Bi2O3), bcc phase (γ-Bi2O3), fcc phase
(δ-Bi2O3), and tetragonal (β-Bi2O3) phase are intensely

studied four phases of Bi2O3 out of its six crystal modifica-
tions [5]. Oxygen ionic conductivity of the monoclinic α-
Bi2O3 phase, tetragonal β-Bi2O3, body centred cubic γ-
Bi2O3 phases is lower than that of the face-centred cubic δ-
Bi2O3 phase structure [5–7]. At lower temperatures, the work
on the production and characterization of new electrolytes
with higher oxygen ionic conductivity and dissociation main-
tains an update [7]. δ-Bi2O3 has high oxygen ionic conductiv-
ity due to its defective fluoride (CaF2) type crystal structure
and high oxygen ion vacancies [8].

In recent years, Jaiswal et al. have investigated that
Bi0.80Er0.20O1.5 (ESB) have been prepared by using citrate–
nitrate auto combustionmethod [2]. It is found that addition of
ESB increases the conductivity of the bulk as well as of grain
boundaries among al l s tabi l ized Bi2O3 systems,
(Er2O3)x(Bi2O3)1-x binary system has the highest conductivity
at x = 20 mol% concentration [9, 10]. Verkerk et al. showed
that (Bi2O3)0.80(Er2O3)0.20 had an ionic conductivity of 0.023
Scm−1 at 500 °C and 0.37 Scm−1 at 700 °C [11]. Torun et al.
observed that the maximum level of the electrical conductivity
for δ-phase (Bi2O3)0.84(Yb2O3)0.16 binary system was 0.316
Scm−1 and 0.632 Scm−1 sintered samples at 700 °C and
750 °C, respectively for 48 h [12]. The modified version of
the sol-gel method is called as Pechini method [13–15]. High
purity product is a commonly used method because of being
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easy to control, with high homogeneity and low sintering tem-
perature, a simple and effective method [15–17]. Pechini
method based on the polymerisation of metal salts [15, 18].

In this study, the crystal structure and electrical conductiv-
ity properties of Erbium and Ytterbium-doped Bismuth Oxide
ternary systems in (Er2O3)x(Yb2O3)y(Bi2O3)1-x-y simple for-
mula (called by xEyYbSB) with x = 4,8,12 mol% and y =
10,20,30 mol% is investigated by sol-gel Pechini method.
The effect of dopant ratio on the stabilization of δ-phase
xEyYbSB ternary systems was analysed by XRD analysis.
The grain formation, thermal stability and conductivity prop-
erties are performed via scanning electron microscopy (SEM),
differential thermal analysis (DTA), thermal gravimetric anal-
ysis (TGA) and four-point probe electrical conductivity mea-
surement 4PPT methods (4PPT), respectively. Nevertheless,
the synthesizing of this ternary system and also synthesis
method has not been reported until now. Therefore, dope rates
were decided by looking at the studies of (Yb2O3)x(Bi2O3)1-x
(x = 11–20 mol%) [12] and (Er2O3)x(Bi2O3)1-x (x = 15–
40 mol%) [1, 11] binary compounds. In this study, Erbium
and Ytterbium were used to better understand the effect of
dopant concentration on ionic conductivity.

2 Materials and methods

2.1 Preparation of materials

Polycrystalline powders of xEyYbSB compounds were pre-
pared under identical conditions via the sol–gel-based Pechini
method. The starting materials Er(NO3)3∙5H2O (%99.9, Alfa
Aesar) and Yb(NO3)3∙5H2O (%99.9, Alfa Aesar) compounds
were doped into Bi(NO3)3∙5H2O (%99.99 Sigma Aldrich).
The mole ratios and sample codes are shown in Table 1.
Firstly, stoichiometric amounts of analytical grade
Er(NO3)3∙5H2O, Yb(NO3)3∙5H2O, Bi(NO3)3∙5H2O were dis-
solved in a citric acid solution to which ethylene glycol and

diluted nitric acid were added to obtain gel form. The gel was
dried at 120 °C for 12 h in an incubator to obtain a resin,
grounded in an agate mortar and calcined at 500 °C for the
burn-out the additives. The calcination temperature was deter-
mined according to the TGA analysis results described in the
result section. Then the powders were sintered 700, 750 and
800 °C for 48 h in air, respectively. The sintering temperatures
were determined from the literature survey [1, 11, 12].

2.2 Crystal structure and thermal analysis

XRD analysis (Rigaku Smartlab) was performed for identify-
ing of the crystal structure and lattice parameters of synthe-
sized powder materials. The analysis conditions have been
applied with these parameters; scanned by 0.02 step width,
7° ≤ 2θ ≤ 90° angular range and 21.6746 deg/min scanning
speed at room temperature. The diffracted beams were count-
ed with a 1D silicon strip detector (D/teX Ultra 250). XRD
patterns were indexed and lattice parameter was calculated for
every sample by PDXL2 software and using DICVOL06
method. XRD patterns were indexed and lattice parameter
was calculated for every sample by PDXL2 software and
DICVOL06 method. After the manual indexing process and
determining the crystal structures of the samples, the lattice
parameters are calculated by the software.

The thermal stability of the samples and the burning out
temperature of the additives was investigated by DTA/TGA
system (Perkin Elmer). The analyses were carried out with a
heating rate of 10 °C/min, from the room temperature to
900 °C. Measurements were performed under the dynamic
air atmosphere using a platinum sample holder and using the
α-Al2O3 inert reference substance.

2.3 Microstructure characterization

The δ-phase powders were ball milled by the planetary ball
mill (Retsch, PM100CM) at 500 rpm for 15 min in ethanol

Table 1 Observed phases and
lattice parameters of δ-phase
xEyYbSB ternary systems

Samples

(xEyYbSB)

x

(mol%)

y

(mol%)

Total

(mol%)

Sintering Temperature

700 °C 750 °C 800 °C

4E10YbSB 4 10 14 β β β

8E10YbSB 8 10 18 δ (5.5090 Å) δ (5.5077 Å) δ (5.5060 Å)

12E10YbSB 12 10 22 δ (5.5032 Å) δ (5.5018 Å) δ (5.5009 Å)

4E20YbSB 4 20 24 δ (5.4905 Å) δ (5.5042 Å) δ (5.4896 Å)

8E20YbSB 8 20 28 δ (5.4791 Å) δ (5.4803 Å) δ (5.4795 Å)

12E20YbSB 12 20 32 δ (5.4661 Å) δ (5.4679 Å) δ (5.4672 Å)

4E30YbSB 4 30 34 δ (5.4530 Å) δ (5.4537 Å) α+δ

8E30YbSB 8 30 38 δ (5.4402 Å) δ (5.4406 Å) α+δ

12E30YbSB 12 30 42 δ (5.4313 Å) α+δ α
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with agate ball media and then they were dried in the incuba-
tor. To determinate the optimized pressure level, cubic powder
samples were pelletized by the single axial hydraulic press
under different pressure levels of each one at 20 MPa,
75 MPa and 100 MPa with 1 mm thickness and 13 mm diam-
eter. Then the pellets were calcined at 800 °C temperature for
48 h on a platinum substrate in air. Surface analyses of pellet
samples were performed by SEM (ZEISS SUPRA55,
Oberkochen, Germany).

2.4 Conductivity measurements

Resistance measurements were performed to circular samples
using standard Four-Point Probe d.c. the technique (4PPT)
under several temperature conditions for comparing the all
fcc-phase samples each other. The total conductivities of sam-
ples were calculated using the resistance and geometric di-
mensions of sample and these data were only used for the
comparing and determining the Activation Energies. The fcc
phase powder samples were pressed into pellets with ~0.1 cm
thickness (t) and 1.3 cm diameter (d) under 100MPa pressure.
The probes were directly contacted on a sample surface and
adhesive paste was not used. The contacts were positioned
symmetrically on the centre of the circular pellets. The resis-
tance measurements performed from 300 °C to 820 °C tem-
perature. The heating rate was applied to 5 °C/min and was
held for 15 min at each 50 °C steps for thermal stability.
During the measurements, the sample temperature was deter-
mined by a thermocouple, 5 mm away from the sample.

3 Results and discussion

3.1 Structural and thermal analysis

Observed phases and dopant rates of xEyYbSB ternary sys-
tems can be seen in Table 1. In this ternary system, the fcc
cubic phases (δ-phase) were observed at 700, 750 and 800 °C.
As seen in Table 1, the mixed phases occurred with the in-
creasing sintering temperature. To obtain the δ-phase
xEyYbSB system, the minimum sintering temperature should
be at 700 °C. The cubic phase formation was seen in the total
dopant ratio as 18 ≤ x + y ≤ 42 for 700 °C sintering tempera-
ture. When the sintering temperature increased, additive range
decreased to 18 ≤ x + y ≤ 38 for 750 °C and 18 ≤ x + y ≤ 32 for
800 °C sintering temperature (Table 1). Hereby, as the
sintering temperature increases, the dopant mole range of cu-
bic boundary values decrease It is seen in the XRD pattern
(Fig. 1a and b) that the cubic structure is distorted as the
sintering temperature increases. Similar features are observed
in the other samples. The peaks seen in the XRD patterns of
the secondary phases were only observed some of the samples
sintered at 800 °C. The observed secondary phases in Fig. 1a

and b belong to monoclinic phases for the samples sintered at
800 °C. As seen in Table 1, these samples exhibited the fcc

Fig. 1 XRD pattern of (a) 4E30YbSB, (b) 8E30YbSB samples at
different sintering temperatures and (c) all of the cubic samples at
sintered at 750 °C and with a magnified version of 2θ = 31° − 34°
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and monoclinic mixed phases at the 800 °C sintering temper-
ature and the peaks belong to these phases were pointed in the
Fig.1a and b.

As well as total dopant ratio, dopant rate of each dopant
cations is also important. The relationship between dopant
amount and phase formation can be seen in Fig. 2 phase dis-
tributionmap. It is clearly seen that the total dopant rate should
be minimum 18 mol% and more to obtain fcc phase for
xEyYbSB ternary system sintered at 700 °C. Therefore Er3+

andYb3+ dopant rate should also beminimum 8 and 10mol%,
respectively, for 18 mol% stoichiometric composition.
According to the result, the Er3+ dopant rate should be in-
creased while the Yb3+ rate decreases and the total doping rate
should be constant at a certain ratio to obtain fcc-phases. In a
study conducted by Özlü Torun et al., it was reported that Yb
dopant should be a minimum of 14 mol% for the cubic phase
[12]. On the other hand, in this study, it was required a higher
sintering temperature (800 °C) for 17 mol% and more dopant
ratio to obtain the cubic phase (Fig. 2) and minimum dopant
rate was found as 18 mol% at 700 °C sintering temperature to
obtain fcc phase [12]. Although the cubic phase was obtained
in the literature with less dopant, in this study the lower
sintering temperature was enough despite the higher dopant
rate. The main reason for the requirement of the low sintering
temperature required was thought to be the sol-gel Pechini
method. The low sintering temperature (700 °C) is enough
to obtain a cubic phase, which is an important result in terms
of production cost.

For evaluating the relations between the cation dopant rates
and scattering angles taken from XRD patterns, each peak
position (2θn angles) in XRD patterns of our samples were
compared with peak angles of the pure δ-phase Bi2O3 (2θBi)
taken from XRD pattern PDF card [19]. The differences be-
tween the two peak angles were calculated with the 2θn-2θBi
equation and called as “peak shift” and numbered in Table 2.

The distances of each peak angles from the pure δ-phase
Bi2O3 peaks were calculated and given in Tables 2 and 3.
As an example, the shifts in the peak positions of 750 °C
sintered δ-phase samples were given in Fig. 1c for 2θ = 31o

− 34o. In this figure, the peak shift is clearly observed. All
XRD scattering peaks of each sample (2θn) shifted to the right.
For a more detailed analysis of the peaks, the calculated peak
shift data were analysed in Fig. 3. It can be seen that the peak
shift value in degree unit increases with the increasing 2θn
values. The highest angles have high peak shift. There was a
relationship between the total dopant rate and peak shift
values (Fig. 3a). The peak shift increases as the total dopant
rate increasing. It can be seen in Fig. 3a and at the vertical axes
for each peak shift number. The highest peak shift is observed
at the sample with the highest total dopant rate (38 mol%).
Same statements were observed with all the other δ-phase
samples. On the other hand, when the cation dopant is
Ytterbium, the increasing amount of peak shift is more than
when the cation dopant is Erbium (Table 2). The ionic radius
of the Ytterbium is smaller than the Erbium ionic radius. It can
be seen in the literature reviews, when the ionic radius of the
additive decreases, the lattice parameter decreases and XRD
patterns shift to the right and, when the additive radius in-
creases, the lattice is expanded and XRD patterns shift to the
left [20, 21]. In this study, it is seen in Table 1 that the shift of
peaks due to the decreased lattice parameters. This change in
the lattice parameters also points out the successful synthesis
of ternary systems and substitution of dopant and host cations.
Furthermore, the reason for the shifts in the peak position is
thought to be due to stress and structural defects in the crystal
structure [22]. In addition to this, higher sintering temperature
cause a higher peak shift. Table 3 shows the 2θBi and 2θn
scattering angles taken from XRD-patterns of pure δ-phase
Bi2O3 and δ-phase 8E10YbSB samples sintered at 700, 750
and 800 °C, respectively. Here, produced ternary system and
literature are compared and determined the shift value be-
tween their XRD peak positions. The evaluation of the
sintering temperature effect on the peak shift is seen in Fig.
3b. The shift value of the sintered at 800 °C higher than
sintered at the 700 °C samples. At the same sintering temper-
ature, when the peak shift number at the same time the peak
number increase (so increasing of 2θ peak values), the peak
shift values increase approximately too. The minimum shift is
observed for the minimum peak angle for all three sintering
temperatures.

The lattice parameters of δ-phase xEyYbSB samples are
given in Table 1. The lattice constant of pure δ-Bi2O3 is
5.5250 Å [19] and 5.5160 Å for 20YbSB binary system
[12]. It is reported that the lattice parameters range of δ-
Bi2O3 type solid solutions as a function of the doping of
Yb2O3 is 5.53–5.515 Å and decreased slightly with the in-
creasing Yb2O3 content [12]. Also, similarly to M.J. Verkerk
et al. [11], lattice constants of the specimens decrease with an

Fig. 2 The phase distribution graph of powder samples sintered for 48 h
at 700 °C
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increase in the content of Er2O3 [7, 11]. As seen in the litera-
ture, the parameter ranges of the ternary system (Table 1 and
Fig. 4) corresponds to the literature. As seen in Table 1, the
pure and δ-phase Bismuth Oxide has the highest lattice pa-
rameters and lattice parameters of doped ternary systems are
lower than this. In addition, the lattice parameter decreases
independent from temperature with the increasing total dopant
ratio (Fig. 4). The main reason is the ionic radius difference
between dopant cations (Er3+ and Yb3+) and host cation Bi3+.
The effective ionic radius of Er3+, Yb3+ and Bi3+ are 0.890 Å,
0.868 Å and 1.030 Å for six coordinates, respectively [23] and
the ionic radius of dopant cations are smaller than the Bi3+. It
is reported in the literature that the lattice parameter of doped

δ-phase Bismuth Oxides increases with the increasing dopant
ratio for the binary system for the small dopant rate [24, 25].

Table 2 Peak shift changingwith the total dopant rate; the 2θ angles from the XRD pattern of 8EyYbSB and xE20YbSB samples sintered at 750 °C and
their differences from δ-Bi2O3

Sample name δ-Bi2O3 8E10YbSB 8E20YbSB 8E30YbSB 4E20YbSB 12E20YbSB

Total dopant ratio (mol%) 0 18 28 38 24 22

2θ values (o) 2θBi
(o) [25]

2θ1
(o)

2θ1-2θBi
(o)

2θ2
(o)

2θ2-2θBi
(o)

2θ3
(o)

2θ3-2θBi
(o)

2θ4
(o)

2θ4-2θBi
(o)

2θ5
(o)

2θ5-2θBi
(o)

Peak Shift No. 1 27.95 27.98 0.03 28.16 0.21 28.38 0.43 28.14 0.19 28.28 0.33

2 32.39 32.44 0.05 32.64 0.25 32.9 0.51 32.58 0.19 32.74 0.35

3 46.45 46.52 0.07 46.82 0.37 47.18 0.73 46.7 0.25 46.98 0.53

4 55.08 55.20 0.12 55.54 0.46 55.98 0.9 55.38 0.3 55.7 0.62

5 57.76 57.88 0.12 58.24 0.48 58.72 0.96 58.06 0.3 58.44 0.68

6 67.79 68.08 0.29 68.38 0.59 68.96 1.17 68.16 0.37 68.6 0.81

7 74.85 75.02 0.17 75.52 0.67 76.18 1.33 75.26 0.41 75.8 0.95

8 77.15 77.42 0.27 77.86 0.71 78.54 1.39 77.56 0.41 78.12 0.97

9 86.16 86.46 0.26 87 0.84 87.8 1.64 86.62 0.46 87.32 1.16

Table 3 Peak shift changing with the sintering temperature; the 2θ
angles from XRD pattern of δ-8E10YbSB samples sintered at 700 °C,
750 °C and 800 °C and differences with δ-phase pure Bi2O3 peak angles

Peak Shift No. δ-phase 8E10YbSB

700 °C 750 °C 800 °C

2θ6
(o)

2θ6-
2θBi
(o)

2θ1
(o)

2θ1-
2θBi
(o)

2θ7
(o)

2θ7-
2θBi
(o)

1 27.96 0.01 27.98 0.03 28.02 0.07

2 32.42 0.03 32.44 0.05 32.48 0.09

3 46.52 0.07 46.52 0.07 46.58 0.13

4 55.20 0.12 55.20 0.12 55.26 0.18

5 57.86 0.10 57.88 0.12 57.92 0.16

6 67.96 0.17 68.08 0.29 68.12 0.33

7 75.02 0.17 75.16 0.31 75.12 0.27

8 77.32 0.17 77.42 0.27 77.44 0.29

9 86.42 0.26 86.46 0.30 86.46 0.30 Fig. 3 Comparison between the peak shift degree and (a) the total dopant
amount at 750 °C, (b) peak shift values at different temperatures
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On the other hand, it is reported that the lattice parameter of δ-
phase doped Bismuth Oxides decreases with the increasing
dopant rate for the double or triple-doped systems and for
the heavy doping rate [26, 27]. In samples produced this
study, dopant rate is in heavy doping rate are limited com-
pared with those in the literature. The amount of dopant cat-
ions with small ionic radius than Bi3+ increases, the lattice is
shrunk through to lattice centre and lattice parameter is de-
creased. Therefore, as seen in Table 1, Er3+ doping causes
shrinkage of the lattice and the lattice parameters decrease
with the Erbium amount increases for the xE20YbSB systems.
This behaviour of dopant effect on the lattice is also seen for
Yb3+ dopant rate when Er3+ rate is fixed.

The burn-out temperature of additives is analysed with the
TGA spectrogram in Fig. 5a and the mass loss of additives are
seen in the graph. As seen in Fig. 5a, the additives in the non-
sintered green powders are completely burned at ~620 °C and
after then there was no decrease. The TG curve shows a mass
loss of about 57.5 wt.% at a temperature range of 0–620 °C.
According to the graph, the mass loss between 500 °C and
600 °C is about 2 wt.%. Also, as seen in Fig. 5b, the mass loss
for the sintered sample is approximately 1.2 wt.%, which may
be considered to physical water loss at a normal rate. Also, as
seen in Fig. 5c, an endothermic peak is observed at about
700 °C. These peaks are point out to a phase transformation
from the cubic phase at any phase.

The pressure effect on the microstructure is seen in Fig.6.
In Fig.6, the three samples are seen pressed at 20 MPa,
75 MPa and 100 MPa pressure for 8E20YbSB samples
sintered at 800 °C. The high pressure has been a positive effect
on grain structure for the studied chemical compositions in
this study. There is a limit value of pressure for the formation
of grains, but the applied pressure as 100 MPa is quite suit-
able. The samples pressed at 100 MPa pressure, the grain
formation was more quality, grain boundaries were seen clear-
ly, and pores were disappeared when comparing with the

samples pressing at lower pressure. The grains are very im-
portant for high conductivity. Pore and small grain cause low
conductivity. Because the charge carriers migrate through the
crystal lattice and grain boundaries behave as a barrier for the
migrant carriers. If the grain is big, the charge carriers migrate
in the lattice without any scattering.

3.2 Conductivity characterization

The voltage and current data are obtained by4PPT for calcu-
lating the resistance Rtot. The total electrical conductivities
(σtot) of pellets were calculated (Eq. 1) from the resistance
values using with the Geometric Resistivity Correction
Factor (G) (Eq.2).

σtot ¼ I
V

1

G
ð1Þ

G ¼ 2πsF1 t=sð ÞF2 d=sð Þ ð2Þ

In Eq. 2, s, t and d geometrical parameters point to the
distances between probes, thickness and diameter of samples,

Fig. 4 Lattice parameters changing of the ternary system as a function of
total dopant concentration annealed 48 h at 700, 750 and 800 °C

Fig. 5 TGA curves of burned green pellet at (a) 500 °C and (b) 800 °C
and, (c) DTA curves sintered at 800 °C of 12E30YbSB sample
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Fig. 6 SEM micrographs of 8E20YbSB ternary system ground with ball-mill and pressed at (a) 20 MPa (b) 75 MPa and (c) 100 MPa
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respectively in centimetre unit. F1(t/s) and F2(d/s) functions
are the effects on the conductivity of the thickness and diam-
eter of the sample, respectively. The G function includes s, t
and d parameters and determines the geometry effect of the
sample on the conductivity. The experiment setup and detailed
theoretical explanations of total conductivities with G were
reported in our previous studies [28, 29]. Temperature depen-
dence of the conductivity of electroceramic materials is
expressed by the Eq. 3. In this expression, σ0 is the pre-
exponential factor, Ea is the activation energy for this thermal-
ly activated process and k is the Boltzmann’s constant.

σtot ¼ σ0e −Ea=kTð Þ ð3Þ

The logarithmic electrical conductivities of the samples
were plotted against the reciprocal temperatures. There were
two types of characteristic curve observed all samples and
these differences result in the crystal formation differences.
These two types are seen in Fig. 7 for 4E20YbSB (Type I)
and 4E30YbSB (Type II) samples. The plots of other samples
were quite similar to the curves of these. The samples which
have been Type I are (x;y) = (4;20), (8;10), (8;20), (12;10),
(12;30) and Type II are (x;y) = (4;30), (8;30), (12;20) doping
rate. Difference between the two types of graphics, Type I
curve consist of two different temperature regions; the high-
temperature region and the low-temperature (can also be
called as the single-phase temperature) region.

The phase transition temperatures of samples were deter-
mined by analysis of these regions in the conductivity plots.
The crystal structure and phase in the low-temperature region
differ from the high-temperature region. The abrupt change in
plot slope points to phase transition [24, 28]. The δ-phases is
stable from room temperature to phase transformation temper-
ature in the low-temperature region. The second single-phase
occurs after the phase transformation and is known as high-

temperature phase [28]. The second type in the other group
seen in Fig. 7 (4E30YbSB) did not exhibit any phase after
phase transition temperature. When the Yb dopant rate in-
crease, the melting point of the ternary system increases, and
phase transformation is delayed. The useful side of this, the
stable δ-phase at room temperature remains stable up to the
high-temperature region. In this case, higher conductivity
values can be observed for δ-phase.

The conductivity values of the δ-phase samples sintered at
700 °C are compared under two conditions called in the text as
σ1 and σ2 and given in Table 4. In the first condition, the σ1
conductivity values at 510 °C ambient temperature for all δ-
phase samples were compared with each other. This temper-
ature is selected as it can be taken as a suitable degree for IT-
SOFC operating temperature. In the second condition, the σ2
highest conductivity values in the low-temperature region
were compared with each other in Table 4. In here, the data
in the low-temperature region were only taken from the two-
zoned graphs. Uncertainties of measurements (δx ) for each
conductivity values were calculated using with the experimen-
tal standard deviations and added to Table 4.

Increasing dopant rate causes the increase of the Oxygen
defect in sub-lattice in Bismuth Oxide-based electroceramics
[30]. In this case, the total conductivity also increases. On the
other hand, there is limited value for the increasing of the total
conductivity. On the contrary, as the conductivity increases
after a limit dopant rate, the conductivitymay start to decrease.
In this highly dope condition, the scattering mechanism of
drifted ions in lattice may become dominant and conductivity
may be observed at low values. Conductivity values that are
highly low for the total dopant rate are 38 mol% and 42 mol%
and these are the highest total rates at the 510 °C ambient
temperature (Fig. 8). The lowest conductivity value in both
low-temperature region and at 510 °C ambient temperature is
obtained for the 12E10YbSB sample with 42 mol% dopant,
which is the highest dopant ratio. Since the lattice structure
formation was dominant the conductivity abruptly decreased
at 42 mol% due to the very high dopant rate. On the other
hand, the 8E30YbSB sample has the highest conductivity val-
ue with 38 mol% total dopant rates in the low-temperature
region. Furthermore, if the graph is analysed it can be seen
that the phase transition is delayed and occurred at higher
temperature with the increasing dopant ratio and the higher
conductivity values are also observed (Fig. 8).

The Activation Energies of samples were calculated from
Arrhenius plots drawing lnσtot-10

3/T graphs. The calculated
activation energies of δ-phase samples sintered at 700 °C and
this can be seen in Table 4 and all of them have around ~1 eV.
An increase is seen at Activation Energies when Yb rate in-
creases and Er dopant rate is constant. On the other hand, the
opposite condition is not clearly seen. That the Er dopant rate
is very low against the Yb dopant rate can be thought as a
reason for this.

Fig. 7 Total conductivity versus temperature plots of 4E20YbSB and
4E30YbSB samples
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4 Conclusion

Polycrystalline powders of (Er2O3)x(Yb2O3)y(Bi2O3)1-x-y ter-
nary compounds were prepared under identical conditions via
the sol–gel-based Pechini method. The crystal, microstructur-
al, thermal, and electrical analysis is performed to δ-phase
ternary systems (δ-xEyYbSB). According to the results of
crystal analysis, the minimum sintering temperature should
be at 700 °C for 48 h to obtain δ-phase ternary systems. The
reason for low sintering temperature is the advantage of the
Pechini method and the high sintering temperature is a nega-
tive effect for crystal structure formation. The lattice parame-
ter decreases independent from the temperature with an in-
creasing total dopant ratio. Total dopant rate should be mini-
mum 18 mol% and more to obtain cubic phase for xEyYbSB
ternary system. According to these results, the Er3+ dopant

rate should be increased while the Yb3+ rate is decreasing,
and the total doping rate should be constant at a certain ratio
to obtain fcc-phases. In this ternary system, as the ionic radius
of the doped material decreases, the lattice parameter de-
creases. This causes a shift to the right in XRD patterns. It
was also thought that mixing the samples with ball mill caused
stress and strains in the lattice and caused shifts in XRD pat-
terns. The conductivity plots are exhibited as Arrhenius be-
haviour. The thermal activation energies are calculated from
these graphs and the energy values are obtained ~0.9–1.3 eV.
The minimum conductivity values are measured for the max-
imum dopant rate. The phase transition temperature from cu-
bic to any phase increases with the increasing Yb dopant rate.
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