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Abstract

Face—centered cubic—Bi,0; (6—phase) material is a better ion conductor when compared to other types of solid electrolytes
that have been declared in the literature due to its anion—defective crystal configuration, and hence it can be a promising
solid electrolyte choice for intermediate temperature SOFC applications. In this research, Er-Ho-Tb co—doped Bi,0;
compounds were successfully synthesized by the solid—state reaction method and characterized using the XRD, TG &
DTA, FPPT, and FE-SEM techniques. Apart from sample 4Er4Ho4Tb, each sample became stable with a cubic 6—phase
at room temperature, according to XRD patterns. The DTA curves revealed no exothermic or endothermic peaks, implying
a phase change in the constant heating cycle. The conductivity of Ho—rich compositions was higher than that of others,
confirming the impact of cation polarizability on conductivity. In addition, at 700 °C, the sample 4Er8Ho4Tb with 1:2:1
content ratios had the highest conductivity of 0.29 S/cm. The porosity on the grain boundaries increased with doping,

leading to higher grain boundary resistance, which could be responsible for the conductivity drop.

Keywords Phase transition - X—Ray diffraction - Lattice shrinkage - Grain size - Differential thermal analysis

Introduction

High Temperature—Solid Oxide Fuel Cells (HT-SOFCs) are
alternative energy sources that are able to generate electri-
cal energy electrochemically. The primary advantages of
this cell type are its environmentally friendly functioning in
terms of principle, along with its extremely high electricity
efficiency, which can reach up to 85% [1, 2]. However, the
high operating temperature (> 800 °C) challenges these bat-
teries over time, causing the electrode—electrolyte interface
to deteriorate, resulting in a sudden decrease in the cell’s
open circuit voltage (OCV) and reducing battery life. There-
fore, significant attempts have been made in recent years to
lower the operating temperature of SOFCs to intermediate
(500700 °C) and low temperatures (<500 °C) [3-5]. The
low temperature also leads to two key issues that reduce the
electricity efficiency of the cell: the slowing of kinetic pro-
cesses at the electrode—electrolyte interfaces and a drop in
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the ion conductivity of the currently used Yttria—stabilized
zirconia (YSZ) electrolyte. To compensate for the signifi-
cant reduction in cell efficiency, materials with higher ion
conductivity than YSZ can be developed for low tempera-
ture SOFC technology [6].

Bismuth (III) Oxide (Bi,05), with its face—centered cubic
crystal structure (3—phase), can be a promising solid elec-
trolyte option for SOFC units since it has extremely strong
oxygen—ion conductivity at comparable temperatures to
YSZ-type electrolytes [7, 8]. When driven to intermediate
temperatures (<729 °C), this cubic phase somehow trans-
forms into other bismuth oxide phases exhibiting lower ion
conductivity than that of it, such as monoclinic o—phase,
and is therefore classified as a metastable phase. Never-
theless, recently published studies have shown that cubic
d—phase can be maintained at all temperatures, including
room temperature, by doping certain rare earth cations into
pure Bi,0; crystals using a variety of experimental methods
[9—-13]. In addition, several doping elements, such as dopant
ion radius and concentration, should be taken into account
for cubic phase stability in order to attain the ideal phase
stability and highest conductivity for doped Bi,O; systems.
According to previously published studies, when the rare
earth cations that serve as dopants are smaller than the host
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Bi** cation (1.17), the cubic 8—phase can be easily stabi-
lized; otherwise, larger dopants allow for the development
of the rhombohedral crystal phase, which has lower ion con-
ductivity than the d—phase [14]. The conductivity measure-
ments for stabilized d—phase, on the other hand, indicated
that the findings were lower than those for the pure phase.
The decrease in conductivity is primarily brought about by
a decrease in cation polarizability as a result of partial cation
exchange between the host Bi** and dopant cations (Ln>*
« Bi**). In fact, in oxide—based crystals, cation polarizabil-
ity can be defined as the strength of a cation to attract an
oxygen ion (O in the anion sublattice, and it is usually
proportional to the cation’s radius [15, 16]. Additionally, it
is well known that the Bi** cation exhibits higher polariz-
ability due to 6s” lone pair electrons, and therefore, the anion
sublattice of the pure cubic phase has an anion—defective
structure with 75% occupancy. Small-radius cations sub-
stituted with Bi** cations with partial exchange of cations
lead to a drop in ion conductivity because of the low polar-
izing power. Many stabilization investigations employing a
variety of rare earth cations as additives have yielded very
favorable outcomes for cubic phase stability [17, 18]. The
double doping technique, however, achieved the best con-
ductivity for the stable 6—phase. Jung et al. studied cubic
phase stabilization by doping with W and Dy cations while
maintaining the total dopant concentration at 12%. They
obtained an optimal conductivity of 0.487 S/cm at 700 °C
in a sample with a doping ratio of 2:1 (W:Dy). Further, they
suggested that the total dopant concentration be kept as low
as possible in order to attain the highest ion conductivity for
the stable cubic phase [19].

In the present study, rare metal oxides Er,O;, Ho,Os,
and Tb,O, were added to pure Bi,0; under air conditions
via a series of solid—state processes to stabilize the highly
ion—conducting cubic d—phase at ambient temperature.
The developed samples were evaluated structurally, ther-
mally, and on the surface using X—Ray Diffraction (XRD),
Thermo—gravimetric and Differential Thermal Analy-
sis (TG & DTA), and Field Emission—Scanning Electron

Microscope (FE-SEM), respectively. Conductivity mea-
surements on all materials were taken under an atmosphere
using the Four Point Probe Technique (FPPT). The impact
of total dopant quantity and content ratios on the structural,
thermal, morphologic, and electrical properties of the fabri-
cated samples was thoroughly examined and discussed.

Experimental section
Material synthesis

As starting materials, powders including Bi,0; (> 99, 98%
purity, Sigma Aldrich), Ho,0; (>98, 90% purity, Sigma
Aldrich), Er,05 (> 98, 95% purity, Alfa Aesar), and Tb,0,
(>98, 90% purity, Sigma Aldrich) were supplied. All
powder mixtures were created in the air using solid—state
reactions with the proper stoichiometry. The chemical com-
ponents and fabrication of (Bi,03),_,_,, (Er,05), (H0,0;),
(Tb,0O,), systems are summarized in Table 1 and Scheme 1,
respectively. The mass values of the powders correspond-
ing to mole ratios were measured using a digital precision
scale. Each powder was then carefully ground with a pestle
in an agate mortar in order to create a desirable mixture.
After manufacturing, all powder samples were thermally
treated to guarantee the stability of the cubic 6—phase and
the appropriate diffusion of rare earth cations into the pure
Bi,0; crystal. In the present study, the annealing tempera-
ture was set to 750 °C, which is higher than the phase transi-
tion temperature (729 °C), at which the monoclinic o—phase
transforms to the cubic 6—phase when heated.

In addition, the annealing time was set at 100 h (about
four days) to ensure adequate solidification and a better dif-
fusion process. Around 1200 mg of the powder mixture was
used for creating the pallet samples with a 13 mm diameter
and a 5 mm thickness to carry out various tests, such as
conductivity measurements. The pallets were created using
a pressing machine capable of producing around 10 tons of
pressure in an axial arrangement.

Table 1 Molar ratios of the (Bi,0;),_,_,_, (Er,0;), (H0,05), (Tb,0,), systems

Compositions Sample Content ratios Total dopant concentration
abbreviation (Er:Ho:Tb) (mol %)
(Bi,04).83 (E1,03)0 04 (H0,03).04 (Tb,07)0.04 4Er4Ho4Tb 1:1:1 12
(Biy053)g 84 (Er;03)0,08 (H0,03)0,04 (Tb407)0,04 8Er4Ho4Tb 2:1:1 16
(Biy03)g g (Er;03)g.12 (H0,03)0,04 (Th407)0,.04 12Er4Ho4Tb 311 20
(Biy03)g 76 (Er;03)g.16 (H0,03)0,04 (Tb407)0,04 16Er4Ho4Tb 41:1 24
(Bi;03)g 84 (Er;03)g 04 (H0203),08 (Tb;307)g 04 4Er8Ho4Tb 1:2:1 16
(Biy03)0.80 (Er;03)0.04 (H0,03)5,.15 (TbyO7)g 04 4Er12Ho4Tb 1:3:1 20
(Biy053)g 76 (Er;03)0,04 (H0503)0.16 (Tb407)0.04 4Er16Ho4Tb 1:4:1 24
(Biy053)g 84 (Er;03)0,04 (H0,03)0,04 (Tb407)0,05 4Er4Ho8Tb 1:1:2 16
(Biy03).89 (Er;03)9.04 (H0,03)0,04 (Tb407) 12 4Er4Hol12Tb 1:1:3 20
(Bi303)0 76 (E1,03)0,04 (H0,03)5 04 (Tb4O7)g 16 4Er4Hol6Tb 1:1:4 24
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Characterization

The XRD experiments were performed at room temperature
using a Panalytical Empyrean Model Diffractometer with
Cu-K, radiation at a wavelength of 1.54 A and a scanning
step of 0.02 °/sec from 10° to 90°. The Diamond TG & DTA
Perkin Elmer equipment was used to explore temperature—
dependent thermal events such as phase transition and mass
loss. The heating rate was adjusted at 10 °C/min to precisely
observe endothermic or exothermic peaks on the DTA
curves, indicating a probable phase transition. Morphologi-
cal properties, such as grain size and boundary, were inves-
tigated by employing the ZEISS Gemini SEM 500 model
Field-Emission Scanning Electron Microscopy (FE-SEM)
at room temperature. The electrical conductivity of all sam-
ples was measured with the Four Point Probe Technique
(FPPT), which allows for reliable resistivity measurement
without requiring the presence of extra resistivity, such as
contact resistance. The conductivity tests were carried out
in a programmable ash furnace using a specially designed
alumina kit system, a Keithley 2700 model multimeter,
and a Keithley 2400 model D.C. power supply. Through-
out the experiment, the furnace temperature was gradually
increased from room temperature to a high temperature
(1000 °C) using a constant heating step (10 °C/min).

Results and discussion

The conventional XRD patterns of the samples and mag-
nified XRD representations of the main diffraction peak
belonging to the (111) plane are shown in Fig. 1. Based
on the recorded peak locations, it is obvious that, except
for sample 4Er4Ho4Tb, all samples are stabilized with the
cubic 6—phase at room temperature, according to ICDD

reference code: 00—041-0283. The appearance of both o—
and d—peaks on the diffraction pattern suggests that sample
4Er4Ho4Tb has a mixed phase structure, as confirmed by
the 01-078-1793 ICDD reference code [20]. The Bragg
angles at which the minor peaks on the pattern appear are
20=26.092°, 260 =27.150°, 260 =28.821°, 26 =30.926°, and
20=50.782°. Also, Bragg angles for the stabilized 6—phase
were identified to be 20 =28.087° (111), 26 =32.655° (200),
20=46.517 (220), and 20=55.461° (311). 26=58.186°
(222), 26=68.732° (400), 20 =75.068° (331), 20=77.051°
(420), and 26 =86.913° (422). It can be observed that when
the doping rate increases, the minor peaks related to the
mixed phase on the spectrum disappear and only the dif-
fraction peaks associated with the cubic 6—phase remain.
In reality, this finding demonstrates that rare earth cations,
which are all smaller than the host cation, experience par-
tial cationic substitution. As a result of this, the lattice stress
reaches a level that prevents the crystal phase transition
from the d—phase to the a—phase or other phases.

When the magnified XRD patterns are closely examined,
a change in the position of the primary peak can be eas-
ily noticed. With the exception of sample 8Er4Ho4Tb, pri-
mary peaks on the diffraction pattern move to the right as
dopant concentrations are progressively raised. This shift-
ing in XRD peaks is mostly considered a reflection of the
change in the lattice constant caused by doping—induced
impurities. Besides that, the type of peak shifting, which is
strongly connected to the broadening or sharpening of the
XRD peaks, may lead to an increase or decrease in crystal-
lite size as dopant concentration increases [21, 22]. Accord-
ing to the literature, peak shifts on the diffraction pattern
may typically imply an increase in crystal size when it is at
larger angles and a decrease when it is at smaller ones. As a
matter of fact, when the doping concentration increases, the
average crystallite size tends to decrease, implying that the
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Fig. 1 Stacked XRD patterns including standard and magnified versions at room temperature
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crystallinity of the material decreases. Also, peak flattening
can be clearly seen in the magnified XRD patterns, which
becomes apparent as doping concentration increases [23].
The peak flattening or broadening observed on the XRD
pattern can be attributed to the microstrain that develops
depending on the doping concentration. In reality, it is not
only affected by the concentration of dopants in the lattice
but also by the type of dopant and the dopant content ratio
[24].

The average crystal size is obtained using the Scherrer
formula, which is expressed by the following Eq.

kA
b= Beost (1

In Eq. (1), kis the shape factor given as about 0.9, )\ is
the x-ray wavelength, § is the full-width half maxima
(Fwhm), and ¢ is the Bragg diffraction angle. In here, 3 can
be defined by the following Eq.

3 =6, — B2 2

In Eq. (2), B, 1s the corrected Fwhm value and [3; represents
the contributions arising from reflections.

In addition, the microstrain (&), which is closely related
to the lattice strain, is obtained by using Stokes—Wilson for-
mula given by the following Eq.

K

0= inf
Bcost = e (sinfd) + D

3)

It is widely known that the degree of impurities added to the
pure crystal structure affects crystal size and microstrain.
As a result, rare earth cations added to the lattice in this
study led to a variation in the crystal lattice parameters [25].
The lattice parameters for cubic 6—phase stabilized samples
were estimated by X-Powder and Win-Index software
over standard XRD patterns, and the results are summa-
rized in Table 2. As seen in Table 2, as dopant concentration
increases, crystal size decreases while microstrain increases.
This is an expected result since all rare earth cations did not

effectively experience cationic replacement in other crys-
tal positions, which results in an increase in dislocations in
the lattice. These dislocations allow microstrain effects to
develop throughout the crystal, driving the crystalline size
to shrink, which is sometimes seen in diffraction patterns
such as peak broadening [26].

Figure 2a also shows the change in crystalline size and
microstrain as a function of Ho,O; mole%. In agreement
with earlier studies, the crystal size and the microstrain
exhibit a linear relationship with the Ho,O; molar ratio, as
seen in this figure. Table 2 also shows that the calculated
lattice constants are less than those of the pure cubic fcc
phase (5.65 A). This is not surprising due to the small dop-
ant radius compared to the host Bi** cation and shows that
cation substitution induced by the diffusional process is par-
tially successful. In the literature, this is known as lattice
shrinkage and is a common result in stability studies of the
cubic phase.

Figure 2b also shows how the lattice constant varies
with the total dopant concentration in the composition. This
figure clearly indicates that as the active diffusion of rare
earth cations into pure Bi,0; increases, the lattice constant
decreases as expected [27]. The largest lattice constant is
found in Er—rich samples, although Er** has a larger ion
radius than the other cations, Ho* and Tb**. This discrep-
ancy could be explained by the fact that the diffusional pro-
cess induced by solid—state reactions may be effective for
Ho*" and Tb*" cations.

Thermal analysis study

The DTA curves of all fabricated samples depending
on temperature are shown in Fig. 3a, b, and ¢. The DTA
curves of all samples do not display both exothermic and
endothermic peaks, which would suggest a potential phase
change. The DTA curve of some samples, such as sample
4Er8Ho4Tb, however, offers minor vibrations that could
be attributed to order—disorder transitions rather than phase
transitions over a short period of time. It is well known that
pure Bi,0; experiences a crystalline phase change from the
monoclinic a—phase to the cubic d—phase at a temperature

Table 2 Structural parameters for  gample Crystal size Fwhm Microstrain Lattice constant

the cubic stabilized samples (nm) ©) (%) A)
8Er4Ho4Tb 64.7 0.088 0.041 5.537
12Er4Ho4Tb 74.2 0.050 0.023 5.492
16Er4Ho4Tb 63.9 0.087 0.040 5.456
4Er8Ho4Tb 84.1 0.020 0.009 5.472
4Er12Ho4Tb 75.3 0.050 0.023 5.456
4Er16Ho4Tb 66.4 0.078 0.036 5.437
4Er4Ho8Tb 65.9 0.083 0.038 5.473
4Er4Hol12Tb 61.2 0.094 0.043 5.455
4Er4Hol16Tb 60.7 0.091 0.042 5.441
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of around 729 °C during the heating cycle [28, 29]. A phase
transition in a crystal lattice is a positional evolution of the
ions that make up the lattice to the lowest energy, requir-
ing crystal symmetry. Based on the XRD patterns, sample
4Er4Ho4Tb is expected to create an exothermic peak on its
DTA curve, implying a possible phase transition from o— to
d—phase. The absence of such a transition on its DTA curve
is due to doping elements creating lattice stress—increasing
dislocations, blocking an expected transition to the cubic 6—
phase. In other words, some rare earth cations that do not
undergo partial cation substitution with host Bi** can oper-
ate as stress points in the lattice by settling in various ion
regions. In this case, lattice stress may complicate the spa-
tial arrangement necessary for the transition to a new crystal
symmetry [30]. Furthermore, the very high heating rate of
the thermal analysis instrument (10 °C/min) may obscure

@ Springer

the gathering of these endothermic and exothermic peaks,
signaling the phase transition. A further noteworthy finding
is the fact that the DTA profiles of some samples exhibit
more visible bending at roughly 600 °C, particularly in Ho—
rich samples. The literature emphasizes that at this tempera-
ture, the doped Bi,0O; system undergoes an order—disorder
transition (ODT), indicating a positional modification of the
O’ ions in the oxygen sublattice. However, ODT is not a
change in phase but rather an event that modifies the mate-
rial’s ion conduction mechanism and produces a variation
in the energy needed to activate the ions. Put another way,
ODT is a positional change of ions that occurs solely in the
crystal sublattice, where O2—ions settle. As a result of this
transformation, certain ions may move to the 32f octahedral
regions. Thus, this transition may have caused the bending
or peak creation on the DTA curves.

The TGA curves for Er-rich samples are presented in
Fig. 3d. It can be clearly observed from the figure that the
weight of specimens varies with temperature, ranging from
1 to 3%. The removal of oxygen from the lattice allows for
an increase in the oxygen ion vacancy concentration, which
accounts for the majority of temperature-related weight
losses in oxide—based systems. Mass losses may also be
associated with the evaporation of unwanted impurity atoms
during heating.

Additionally, the surveys indicate that there are several
possible causes of temperature—induced weight gain. For
example, at high temperatures, the measuring atmosphere’s
density of inert gases, like He, may drop, changing the buoy-
ant force pressing on the sample container. But other things
like oxidation, the specimen’s surface depositing undesir-
able pollutants, and rare earth cations absorbing moisture
from the surroundings might also be causing the weight to
rise [31].

Conductivity measurements

Figure 4 shows the Arrhenius plots of conductivity as a
function of temperature for disc—shaped palletized samples.
The Arrhenius equation, which is provided in the following
formula, describes how electrical conductivity varies with
temperature.

Ey
or = o[)exp(—kBT) €))

In Eq. (4), aTiS the conductivity at any temperature, 0018
the pre—exponential factor, Eyis the electrical activation
energy, and kpis the Boltzmann constant given as 8.617exp—
05 eV/K. When the logarithm operation is applied to both

sides of Eq. (4) in order to observe the linear relationship
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of conductivity with respect to temperature, the following
equation arises.

()

Starting with Eq. (5), the temperature—dependent con-
ductivity change should be linear, according to the Arrhe-
nius equation. The slope of these Arrhenius plots created
between specific temperatures also reveals the electrical
activation energy, which gives details on the ion conduc-
tivity mechanism of the produced material. The Arrhenius
plots of conductivity display a nearly linear change, as
seen in Fig. 4a, b, and c. The conductivity curve for some
samples, however, bends at about 600 °C. This temperature
point is referred to in the literature as an order—disorder
transition (ODT), which indicates that mobile oxygen ions
in the oxygen sublattice develop a positional arrangement
[32-34]. In short, ODT allows some of the O jons in the
regular 8c areas of the sublattice of the bismuth oxide—based
solid crystal lattice to migrate to the 32f regions, which are
referred to as intermediate regions. Wachsmann et al.‘s

—kEy

)

simulation tests on this transition clearly show that above
the ODT temperature, the 32 f regions for oxygen mobility
require less energy to move to neighboring unoccupied ion
centers [35]. Thus, a linear shift is seen before and after the
ODT transition, showing two separate ion transport mecha-
nisms in which conductivity is controlled by two separate
activation energies, the ones associated with low and high
temperature region activation energies.

It is important to note that the high temperature region’s
(HTR) activation energy is lower than the low temperature
region’s (LTR) activation energy. This may confirm that
oxygen ion mobility is poorer below the ODT temperature
and that the fractional distribution of O*" ions to the 32 f
region with the transition leads to an increase in mobility
[36, 37]. In addition, ODT is not characterized as a phase
transition, and therefore it can be said that this transition
does not lead to any change in cation positions but only a
positional transformation of the ions in the anion sublattice.
However, as the doping concentration increases, the gap
between HTR and LTR begins to close, and only a single
electrical activation energy begins to dominate the lattice.
On the other hand, as seen in Fig. 4, conductivity plots move
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to lower values as the total dopant concentration increases.
This is because of the rare earth cations’ poor polarizability,
which results from a diffusional process in which the host
Bi®* cation is partially replaced by the rare earth cations. As
aresult, it is probable that the quantity of mobile oxygen ions
will start to decrease as the number of dopant cations that
are occupying the lattice’s 4c¢ sites increases and the polariz-
ability continues to decrease. The polarization strength of
cations in terms of high conductivity is a crucial feature in
this case for the creation of a distorted or deformed oxygen
sublattice, which acts as a good environment for oxygen ion
mobility [38]. Added to that, doping ions set up in crystal
lattice dislocation centers may operate as trapping sites,
resulting in a reduction in oxygen ion mobility. It should be
noted that these potential cationic trap spots can capture O*~
ions, restricting their ion conduction pathways and signifi-
cantly reducing the quantity of mobile ions that contribute
to conduction [39]. Table 3 displays the estimated electrical
activation energies as well as the conductivity measurement
results. Figure 4d also shows conductivity comparisons for
Er—rich samples at 600 and 700 °C.

@ Springer

Table 3 clearly shows that sample 4Er8Ho4Tb has the
highest conductivity at 700 °C of all samples, with 0.29 S/
cm. It clearly suggests that a 1:2:1 dopant content ratio has
an important effect on conductivity [40]. As can be seen in
Fig. 4d, the specific ratio results in the best conductivities
for Er-rich samples at both 700 and 800 °C. The conduc-
tivity of 0.29 S/cm at 700 °C is higher than that of single—
doped ESB electrolytes and comparable to the conductivity
of 0.56 S/cm reported by Jung et al. The crucial point is
that using highly polarizable dopants can aid in obtaining
the highest possible conductivity in stabilized Bi,O; mate-
rials. It is important to point out that the mentioned ratios
(1:2:1, 2:1:1, and 1:1:2) clearly yield successful results for
triple—doped Bi,0; systems, as confirmed by this study. As
was already mentioned, the data obtained for HTR and LTR
show different results with regard to the estimated electrical
activation energy. Besides, Table 3 shows that the sample
with the highest conductivity, 4Er8Ho4Tb, has the low-
est activation energy of 0.44 eV. In oxide-based systems,
the activation energy is defined as the lowest amount of
energy necessary for an O>~ ion in the anion sublattice to
hop to nearby unoccupied ion centers [41, 42]. In this way,
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Table 3 Conductivity results from measurements and electrical activation energies
Sample Contents ratios Electrical Conductivity Activation
abbreviation (S/cm) energy (eV)

600 °C 700 °C 800 °C LTR HTR
4Er4Ho4Tb 1:1:1 3.40E-04 1.67E-03 3.34E-03 0.50 1.22
8Er4Ho4Tb 2:1:1 4.89E-04 5.91E-02 5.26E-01 0.47 0.71
12Er4Ho4Tb 3:1:1 5.91E-03 3.65E-02 7.45E-02 0.73 0.85
16Er4Ho4Tb 4:1:1 1.03E-02 5.81E-02 14.7E-02 0.84 1.22
4Er8Ho4Tb 1:2:1 2.92E-02 2.92E-01 6.39E-01 0.44 0.69
4Er12Ho4Tb 1:3:1 8.09E-03 8.09E-03 1.94E-02 0.75 0.92
4Er16Ho4Tb 1:4:1 3.60E-04 3.60E-04 1.52E-02 0.50 0.95
4Er4Ho8Tb 1:1:2 3.66E-04 3.66E-04 1.11E-02 0.71 1.14
4Er4Ho12Tb 1:1:3 1.31E-03 2.11E-04 1.06E-02 0.69 1.11
4Er4Hol6Tb 1:1:4 1.60E-04 1.60E-04 6.30E-02 0.61 1.01

disordered anion sublattice at high temperatures can allow
for less—demanding ion conduction paths for mobile oxy-
gen ions. On the other hand, sample 4Er4Ho4Tb, which has
the lowest conductivity at 700 °C with a conductivity of
0.0016 S/cm, has the greatest activation energy at 1.22 eV.
This makes it possible to figure out a close relationship
between activation energy and ion conductivity.

Surface analysis

The FE-SEM images of fabricated samples are shown
in Fig. 5. The images clearly show that when the dopant
concentration increases, the grain boundary and size dra-
matically change. Besides that, the grain size is not uniform
throughout the surface, and as the dopant ratio increases,
the grains begin to separate from one another. The observed
shrinking in grain size allows the creation of pores on the
surface, as seen in the images. It deserves to be noted that
the micropores that develop with an increase in doping level
can play an essential role in decreasing electrical conductiv-
ity. These pores may be actual formations that indicate the
impact of doping—induced increased crystal lattice stress on
grain dispersion and connectivity to each other [29]. Addi-
tionally, lattice strain causes polycrystalline particles to
shrink in size, allowing for the emergence of smaller crys-
tal clusters. The creation of the porous structures observed
in the images on the grain boundary is inescapable during
this crystal aggregation. In terms of the distance of mobile
ion conduction pathways, the grain boundary line in a poly-
crystalline material is crucial due to its effect on the bound-
ary resistance. According to this viewpoint, pores that are
generated across the boundary lines may have a blocking
impact on the ion conduction paths, resulting in a decrease
in conductivity. The images also clearly reveal that the pore
density in Tb-rich samples is greater than in Ho—rich and
Er-rich samples. This could be why Tb** cations experience
different oxidation levels than Er** and Ho>* cations.

According to the literature, the Tb** and Tb>* cations can
generate an interstitial defect, which is a kind of point crys-
tallographic defect in which an atom of the same or different
type occupies an interstitial position in the crystal structure.
The existence of these point imperfections could result in
additional stress in the material, which leads to the creation
of more pores in the boundary domains [43, 44]. Figure 6
depicts the EDAX pattern of the sample 4Er4Ho4Tb at a
distance of 20 um. This pattern indicates that the combina-
tion contains all elements, and there are no peaks indicating
impurity atoms. The atom percentage ratio in the mixture
approximates the doping stoichiometry.

Conclusions

In conclusion, under air conditions, the Bi,O, compositions
co—doped with Er—Ho—Tb were synthesized by means of
solid—state reactions and successfully characterized using
the XRD, DTA & TG, FPPT, and FE-SEM analytical meth-
ods. The XRD patterns indicated that, with the exception of
sample 4Er4Ho4Tb, all manufactured samples were cubic
d—phase stabilized at room temperature. The estimated crys-
tal structure variables of the stabilized samples showed that
when the dopant concentration increased, the lattice con-
stant decreased, and therefore lattice shrinkage was clearly
observed. Additionally, the magnified XRD patterns clearly
indicated that as the dopant ratio increased, the (111) plane’s
primary diffraction peak moved towards higher angles. This
angular shift in the diffraction pattern was explained by the
decrease in crystal size triggered by doping and partial cat-
ion exchanges. The DTA curves exhibited no endothermic
or exothermic peaks, indicating a phase transformation,
while the TGA curves suggested that weight varied between
1% and 3% depending on temperature. Arrhenius plots of
conductivity also confirmed that there is a linear relation-
ship between conductivity and temperature and clearly
showed that an increase in the dopant concentration leads to

@ Springer
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8Er4Ho4Tb

| 4Er4Ho4Tb lum

Fig.5 The FE-SEM images for distance of 1 pm and 200 nm

decay in the conductivity. The highest conductivity, 0.29 S/
cm at 700 °C, was achieved in sample 4Er8Ho4Tb, which
was fabricated by the 1:2:1 dopant content ratio, which is
similar to the ratios suggested by Jung et al. At approxi-
mately 600 °C, the ODT effect appeared on the Arrhenius
plots, and a division in conductivity graphs was noticed,
yielding two different activation energies, LTR and HTR.
The activation energies were estimated by computing the
slope of the linear fits applied over plots, and they varied
from 0.44 eV to 1.22 eV. The FE-SEM images clearly show
that the grain size was not uniform and that the grain bound-
ary line turned dramatically with the increasing dopant
ratio. Additionally, FE-SEM images of the Tb—rich samples

@ Springer

revealed the development of porous structures at the grain
boundaries, which were assumed to play an essential role in
the lowering of conductivity. The EDAX pattern of sample
4Er4Ho4Tb, on the other hand, confirmed that all elements
utilized as dopants were present in the combination based
on the peaks displayed on the pattern.
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