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ABSTRACT
Herein, we report the synthesis of Dy–V co-doped  Bi2O3 ceramics using the solid–
state processing technique under atmospheric conditions. The X-ray diffraction 
(XRD) patterns demonstrate the stability of the cubic fluorite δ-Bi2O3 in the V-rich 
ceramics. However, in Dy-rich ceramics, a mixture of phases, including α and δ, 
gradually diminishes with increased mutual dopant concentrations, suggesting 
a transition to the single fcc δ-phase with Fm-3 m space group. According to the 
Rietveld analysis and electron density representation, it is evident that there are 
no impure peaks present in α-Bi2O3, which highlights the clear transition to the 
δ-phase polymorphs. The DTA curves for samples M4 and M7 display a distinct 
endothermic peak at temperatures around 724.5 and 744.5 °C, indicating a phase 
transition from the monoclinic α-phase to the cubic δ-phase. These peaks are 
also attributed to an order-disorder transition (ODT). The FESEM micrographs 
consistently revealed the existence of irregular and aggregated grains, with an 
average grain size ranging from 0.80 to 5.57 μm. The level of aggregation became 
more apparent with the escalation of  Dy3+ doping, as opposed to the 5–20 wt% V 
loading. Moreover, the as-sintered pellets M2 demonstrated the absence of any 
pore formation compared to other samples, confirming a remarkably high degree 
of densification. As a result, the as-sintered pellets have a low level of void space, 
with an apparent porosity of no more than 2.5%. Based on the conductivity meas-
urements and electrochemical impedance spectroscopy (EIS),  Bi0.85V0.10Dy0.05O1.5 
exhibits the highest electrical conductivity of 0.965 (Ω cm)−1 and an optimal acti-
vation energy of 0.537 eV at 627 °C compared to other prepared compositions. 
This remarkable performance is attributed to the high polarizability and mixed 
valence cations, especially in  V5+-rich ceramics, compared to the  Dy3+-rich com-
positions with a reduced conductivity of 0.010 to 0.097 (Ω cm)−1. The Nyquist 
plots indicate that impedance decreases with vanadium doping increases until 
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candidate for employment as a solid electrolyte in 
low-temperature SOFC technology.

Regardless of the extensive studies conducted in 
this field, the full capabilities of δ-Bi2O3 have not been 
adequately explored, considering its total conductiv-
ity of approximately 3 (Ω cm)−1 at 800 °C [7, 8]. Due 
to the inherent characteristic of this high-temperature 
polymorph, it exhibits stability solely within a nar-
row temperature range, specifically between 730 and 
825 °C [6]. Consequently, its applicability in inter-
mediate-temperature SOFCs is restricted. In a more 
precise manner, it can be observed that the α-Bi2O3 
polymorph, which exhibits stability at low tempera-
tures, undergoes a phase transition to the δ-Bi2O3 
phase at a temperature of 730 °C. Subsequently, the 
δ-Bi2O3 phase undergoes melting when further heated 
to approximately 825 °C [8]. However, several stud-
ies have shown that doping with rare-earth elements 
can stabilize the δ-Bi2O3 polymorph [9–13]. The ionic 
radius of dopant has been emphasized in the litera-
ture, as it plays a major role in stabilizing the cubic 
δ-phase and attaining elevated levels of electrical con-
ductivity. Several stabilization investigations have 
demonstrated that utilizing small radii dopants in the 
 Bi3+ site can aid in stabilizing the δ-phase. Conversely, 
using greater lanthanides like La results in a distorted 
structure symmetry with lower ionic conductivity than 
the stabilized δ-Bi2O3, as reported in studies [14, 12, 
15–17]. In contrast, the polarizability of cations, which 
exhibits a direct relationship with the cubic value of 
cation radii, plays a critical role in attaining optimal 
conductivity levels within doped  Bi2O3 ceramics. The 
 Bi3+ cation exhibits a notable polarization capacity 
in contrast to the lanthanide group elements [1, 17], 
owing to the presence of its 6  s2 single pair electrons. 
The partially substituting cations between the host  Bi3+ 
and dopants decrease polarizability, notably impact-
ing electrical conductivity. In the current study, we 
are striving to achieve a higher level of oxygen ion 
conductivity than what has been reported in previ-
ous literature. To accomplish this, we are exploring 
the use of mixed-valence cation doping, such as rare 
earths, in the crystal lattice of  Bi2O3. This approach 
could promote the formation of oxygen vacancies 
while stabilizing the δ-phase ceramics and achieving 

1 Introduction

The oxygen-defective ceramic material, δ-Bi2O3, is 
rapidly gaining prominence in oxide-based tech-
nological advancements owing to its high oxygen-
ion conductivity. Researchers find Bismuth (Bi) 
extremely appealing for its exceptional charge mobil-
ity (˃ 100  m2 /(V s), at 4 K), which leads to high elec-
trical conductivity and relative magnetoresistance 
[1]. It boasts a wide range of applications in sensor 
technology [1], making it an essential component 
in this field. Additionally, it is known for its excep-
tional environmental friendliness, having one of the 
lowest toxicity levels among all the heavy elements. 
These δ-Bi2O3-based ceramics are an excellent option 
as a solid electrolyte in high-temperature fuel cells, 
particularly Solid Oxide Fuel Cells (SOFCs). These 
fuel cells are known for their high efficiency and 
eco-friendliness and require a reliable and robust 
solid electrolyte to function optimally. In a standard 
SOFC setup, a single cell is made up of three dis-
tinct, dense, and continuous parts: the anode, which 
helps oxidize gaseous fuel; the cathode, which helps 
reduce  O2; and the solid electrolyte, which moves 
the ions that build up in the cathode to the anode. 
The solid electrolyte’s ion conductivity efficiency is 
crucial in achieving high electrical efficiency between 
all the parts involved in the fuel cell. Owing to the 
potential for thermal and structural stability when 
subjected to elevated operating temperatures exceed-
ing 800 °C. Yttrium-doped zirconia-based electro-
lytes are one of the first solid oxide ceramic electro-
lytes developed for this purpose, gaining importance 
from many researchers [2, 3]. The ceramic electro-
lytes composed of Yttria-stabilized zirconia (YSZ) 
exhibit a notable ionic conductivity of approxi-
mately 0.1 (Ω cm)−1 within the temperature range of 
800–1000 oC. Nonetheless, SOFCs have encountered 
several challenges with high operating tempera-
tures, including material corrosion within cell parts. 
Consequently, SOFCs are compelled to operate at 
intermediate (500–700 °C) and low (500 °C) tempera-
tures [4–6]. The δ-Bi2O3 material exhibits significant 
oxygen-ion conductivity, making it an appropriate 

it reaches  Bi0.85V0.10Dy0.05O1.5. Higher  Dy3+ content increases impedance, leading 
to lower cell performance. The typical composition can be a solid electrolyte in 
SOFCs operating at moderate temperatures.
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a superior conductivity at a lower operating tempera-
ture than reported in the previous work. The high-
est conductivity, with lowered impedance ceramic 
could serve as a promising candidate for application 
as a solid electrolyte in Solid Oxide Fuel Cell (SOFC) 
devices. Hence, despite stabilizing the δ-polymorphic 
phase, a significant concentration of dopants reduces 
electrical conductivity due to the diminished polari-
zation capability [18, 19]. The concept of polarization 
power in ceramic systems refers to the capacity of a 
cation to perturb the electron cloud of an anion in the 
sublattice or to attract the electron density of an anion 
itself [18–22]. To attain elevated oxygen ion conductiv-
ity, it is imperative to select the dopant that stabilizes 
the cubic δ-phase meticulously. Some reports dem-
onstrated that bi-doping methods are more effective 
than single-doping processes in enhancing conductiv-
ity and facilitating stabilization in doped δ-Bi2O3 sys-
tems [23, 24]. The study by D.W. Jung et al. explored 
the bi-doping approach utilizing tungsten and dys-
prosium cations, known for their strong polarizabil-
ity. It achieved the maximum electrical conductivity 
of 0.570 (Ω cm)−1 at 700 °C and 0.098 (Ω cm)−1 at 500 
°C. They consistently emphasized that to get the maxi-
mum conductivity, the total amount of dopant and 
the additive material ratio must be maintained at 12% 
and 2:1, respectively [23, 24]. The scientific investiga-
tion of binary system electrolytes has revealed that 
most of them exhibit the stable cubic δ-Bi2O3 phase, 
and their conductivities range from approximately 
 10−7 to  10−2 (Ω cm)−1, as reported in the literature [25, 
26]. According to Punia et al.‘s findings, incorporat-
ing  Bi2O3 into zinc vanadate results in a structural 
transformation from  VO4 tetrahedral to  VO5 trigo-
nal bipyramid, leading to a notable increase in den-
sity and molar amount [27]. Furthermore, materials 
doped with alkaline ions typically exhibit electronic 
and ionic conductivity phenomena that vary with 
temperature changes. Bismuth vanadate that has 
been doped exhibits a notable electrical conductivity 
of approximately 0.2 (Ω cm)−1 at a temperature of 500 
°C. This is attributed to the increased presence of oxy-
gen vacancies and the stabilization of the highly con-
ductive γ-phase at room temperature, as previously 
reported [28]. M.Kış et al. presented an investigation 
into the electrical properties of Dy-Sm double-doped 
 Bi2O3-based materials. These materials are considered 
potential candidates for SOFC electrolytes [29]. The 
research examined structural and temperature effects 
on these materials’ electrical characteristics. The stable 

δ-phase compounds had higher conductivities. They 
demonstrated that  Bi0.6Dy0.2Sm0.2O1.5 exhibited the 
highest electrical conductivity of 2.5 ×  10–2 (Ω cm)–1 
at a temperature of 750 °C. Moreover, Y. Polat et al. 
investigated the ternary system of  Bi1−x−ySmxYbyO1.5, 
which was prepared through a solid-state reaction. 
They found that  Bi0.8Sm0.1Yb0.1O1.5 nanostructured 
ceramics had the highest electrical conductivity of 
5.39 ×  10−2 (Ω cm)−1 at 650 °C. This nanostructure is 
the most suitable dopant concentration. This is pri-
marily attributed to its favorable stability and oxygen 
ionic conductivity, both critical factors in the design 
of the electrolyte layer in SOFCs [30]. One of the major 
benefits of double doping is that it helps to maintain 
phase stability using a low doping rate, as opposed to 
the larger doping rate required in single doping [12, 
14]. As a result, co-doping has shown that the optimal 
doping level needed for phase stability can potentially 
be reduced when compared to single doping [26]. In 
the current study, we are striving to achieve a higher 
level of oxygen ion conductivity than what has been 
reported in previous literature by using the double-
doping approach. To accomplish this, we are exploring 
the use of mixed-valence cation doping, such as rare 
earths, in the crystal lattice of  Bi2O3. This approach 
could promote the formation of oxygen vacancies 
while stabilizing the δ-phase ceramics and achieving 
a superior conductivity at a lower operating tempera-
ture than reported in the previous work. The high-
est conductivity, with lowered impedance ceramic, 
could serve as a promising candidate for application 
as a solid electrolyte in Solid Oxide Fuel Cell (SOFC) 
devices. This advancement could potentially offer 
higher efficiency and improved performance of the 
fuel cell technology.

To the best of our knowledge, no previous study has 
been performed on  Bi1–x–yVxDyyO1.5 ternary ceramic 
systems with varying values of x and y (y = 0.05/x = 0.05, 
0.10, 0.15, and 0.20, and x = 0.05/y = 0.10, 0.15, and 0.20). 
In the present study, we stabilized the cubic fluorite 
type δ-Bi2O3 and improved its conductivity through 
doping with rare earth  (Dy2O3) and transition metal 
 (V2O5) oxides. We thoroughly analyzed the effects of 
varying mixed valence cations and dopant content 
ratios on the structure, phase stability, morphology, 
electrical conductivity, and electrochemical perfor-
mance using a double-doping approach, ensuring a 
low mutual doping ratio. Vanadium oxide  (V2O5) is an 
appealing choice for implementing SOFCs operating 
at lower temperatures (600–800 °C) due to its excellent 
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conductivity at such temperatures. The electrical con-
duction in  V2O5 ceramics happens due to the exchange 
of unpaired 3d1 electrons between the valence states 
of  V4+ and  V5+. This exchange happens in a pattern 
of  V4+–O2−–V5+–O2−–V4+, inducing polarization and 
forming polarons [31]. All compositions were syn-
thesized through solid-state reactions under atmos-
pheric conditions. The structural and microstructural 
investigations of the synthesized compositions were 
performed through X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS). The thermal prop-
erties and possible phase transitions were character-
ized using the Thermo-gravimetric and Differential 
Thermal Analysis (DTA/TGA). The programmable 
Four-Point Probe Technique (FPPT) was employed to 
perform conductivity tests under an air atmosphere. 
Based on the electrochemical impedance spectroscopy 
(EIS), the electrochemical performance of the designed 
cells was evaluated. Finally, the surface morphology of 
the as-sintered pellets was performed by Field Emis-
sion–Scanning Electron Microscope (FESEM).

2 �Experimental�details

2.1 �Experimental�procedures

The high-purity oxide powders of  Bi2O3,  V2O5, 
and  Dy2O3 (99.99% purity, Sigma Aldrich) were 
utilized to synthesize the ternary systems of 
 Bi1–x–yVxDyyO1.5 (y = 0.05/x = 0.05, 0.10, 0.15, and 0.20, 
and x = 0.05/y = 0.10, 0.15, and 0.20). The ceramic series 
was synthesized using the solid-state route, ensuring 
their high quality. The mutual doping ratios of the fab-
ricated ceramics are precisely presented in Table S1 
(supporting material) for reference. The raw precursor 
materials were vigorously mixed in ethanol for 2 h. 
The stoichiometric powders were ground in an agate 
mortar for 20 min to ensure optimal quality. Once all 
the powder mixtures were prepared, they were effi-
ciently divided into two sections. One section was 
carefully packed into alumina boats, while another 
was meticulously pressed into pellets. Both sections 
were then expertly subjected to thermal processing 
inside a controlled muffle furnace at a temperature of 
800 °C for 100 h. This ensured that the powder mix-
tures were optimally treated for their intended pur-
pose. During the calcination process, the materials 
were heated assertively at a steady rate of 5 °C/min 
in open-air conditions. Heat treatment was conducted 

on all compositions to meet several objectives, such 
as enhancing the quality of densification, eliminating 
unwanted impurities, and ensuring phase stability. A 
portion of the powders was subsequently utilized to 
fabricate pellets with a diameter of 13 mm and a thick-
ness of 0.51 mm, using a Specac Ltd. manual pressing 
machine with a mechanical pressure of 10 tons.

2.2 �Characterization�techniques

The PANalytical X’Pert pro MRD diffractometer 
was used to investigate the structural characteristics 
of the synthesized compositions. The tool utilizes 
Cu-Kα (λ = 1.54056 Å) radiation operated at 45 kV 
and 40 mA over the range 10–90o (2θ), with a scan-
ning rate of 0.01°/sec per step. The Panalytical High-
score Plus and FullProf Suite programs were used 
to analyze the XRD patterns of the pure δ-phase 
 Bi1−x−yVxDyyO1.5 ternary system and identify their 
crystallite parameters such as crystallite size and lat-
tice strain. Fullprof software allowed for precisely 
determining various structural parameters, includ-
ing lattice dimensions and integrated breadth. The 
structural refinement for pure δ-phase ceramics 
was initiated using powder diffraction data [32]. 
For deep structural analysis of the prepared ceram-
ics, X-ray photoelectron spectroscopy (XPS) spectra 
were gathered using precise monochromatic X-ray 
Al K-alpha irradiation featuring a 400 μm spot size, 
 10−9 mbar pressure, and a complete spectrum sweep 
energy of 200 eV on K-ALPHA, supplied only by the 
world-renowned Thermo Fisher Scientific, USA. The 
collected core-shell spectra were deconvoluted after 
removing the Shirely background. The thermal char-
acteristics of the ceramics were precisely determined 
through thermogravimetry/differential thermal 
analysis (TG/DTA) measurements. The tests were 
carried out using a Perkin Elmer-Diamond analyzer 
with a constant heating rate of 5 °C/min. The tem-
perature was raised until it reached approximately 
800 °C from the initial room temperature. The DTA 
curves were meticulously checked to ascertain the 
occurrence of a phase transition during consistent 
heating. The TG curves were analyzed concerning 
temperature to determine potential mass changes 
resulting from chemical reactions, such as oxidation, 
that may occur during heating. The pellets’ mor-
phological characteristics were thoroughly analyzed 
utilizing Quanta FEG-250 FESEM equipment. The 
samples were coated with a layer of gold to achieve 
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higher-resolution images using a sputtering tech-
nique. The Four Point Probe Technique (FPPT) was 
employed to measure the conductivities of such pel-
lets with exceptional precision across an extensive 
temperature range of 30 to 800 °C. We employed 
the highly reliable and precise Keithley 2400 and 
2700 tools to ensure the highest possible accuracy. 
High-purity platinum cables, with a diameter of 0.5 
mm, were firmly positioned at identical distances 
on the pellet surface, ensuring zero contact resist-
ance. These wires were utilized as current and 
voltage channels during the measurement process. 
The temperature was determined accurately using 
K-type thermocouples, which were positioned in 
close proximity to the pelletized samples. The 
impedance of the samples was measured using the 
highly reliable EIS technique. The measurements 
were taken with the highest precision and accuracy 
using (Ivium Vertex. One EIS–Potentiostat). The 
data was collected with a potential range of ± 10 V 
with a resolution of 0.08 mV and a current range of 
100 pA–100 mA across a frequency range from 1 Hz 
to 100 kHz. The obtained data was analyzed using 
the IviumSoft TM data processing program to ensure 
thorough scrutiny and interpretation of the results.

3 �Results�and�discussion

3.1 �Structural�characteristics�of�the�ternary�
system

The XRD data of synthesized ceramics labeled M1–M7 
were analyzed before and after electrical measure-
ments at 750 and 800 °C, respectively. Figure 1a,b 
displays the X-ray diffractograms for both calcina-
tion stages. These diffractograms are indicative of 
the structural characteristics of the samples. The XRD 
analysis unambiguously confirmed the existence of 
both α- and δ-phases in the pre-calcinated powder 
(M3–M7), while the patterns obtained for samples M1 
and M2, strongly indicated the existence of a δ-Bi2O3, 
as depicted in Fig. 1a. It is evident from Fig. 1b that 
the final calcination step led to the formation of the 
δ-phase polymorphs.

The Rietveld refinement method is based on fitting 
a model diffraction pattern to the step-scan data of the 
entire XRD patterns of pure δ-phase ceramics, utilizing 
a weighted least-squares approach. This process iden-
tifies peaks at specific angles, 2θ = 28.2o, 32.7o, 46.9o, 
55.7o, 58.4o, 68.5o, 75.7o, 78.0o, and 86.34o. These peaks 
correspond to specific crystallographic planes (111), 
(200), (202), (311), (222), (331), (420), and (422), respec-
tively. The diffraction pattern obtained closely matched 

Fig. 1  XRD patterns of the 
synthesized compositions, 
definitely a before conduc-
tivity measurements at 750 
°C, and b after conductivity 
measurements at 800 °C
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the standard card (JCPDS No. 74–1375) associated 
with the Fm-3m (No. 225) space group. This particu-
lar space group exhibits six oxygen atoms at the 8-fold 
positions (8c site) [33]. It has been observed through 
Rietveld refinement analysis that the selected sample 
 Bi0.90V0.05Dy0.05O1.5 has stabilized the δ-phase without 
any foreign peaks from any impure phases. This is evi-
dent in Fig. 2. Moreover, the profile fitting of the other 
ceramics, as illustrated in Fig. S1a–f, also confirms the 
presence of stabilized fcc δ-phase samples. Based on the 
noticed sharp-intensity signals, it is evident that the pre-
pared materials possess a high level of crystallinity. Wil-
lis’ theoretical scenario, which postulates the existence 
of six O atoms randomly distributed via (111) orienta-
tions, stretching from tetrahedral positions to the core 
octahedral site (32f), lends more credence to this finding 
[34, 35]. Boyapati et al. conducted a study revealing that 
oxygen atoms transition from the 8-fold positions (8c) 
to 32f octahedral positions [36]. Similarly, Battle et al. 
found that the anion sublattice combines Gattow and 
Willis models, where oxygen anions are located at 8c 
and 32f locations. It is important to note that the empty 
oxygen sites unequivocally exhibit a strong preference 
for encircling the Bi atoms in the (111) direction. The 
results were crucial in analyzing the structure of δ-phase 
ceramics, confirmed by accurately matching the XRD 
data profiles. The three-dimensional electron density 
visualization map of the stabilized  Bi0.90V0.05Dy0.05O1.5 
confirms the observations, as demonstrated in Fig. S2 

(supporting material). The methods described employ 
the robust Fourier and highly efficient fast Fourier trans-
form (FFT) methodology. The 3-D visualization clearly 
illustrates that the black boundary line unambiguously 
represents heightened electron density levels surround-
ing Bi (III) ions. The colored regions, on the other hand, 
showcase varying shades from green to violet-brown, 
indicating significant discrepancies between the two. 
Substantial displacements of O atoms in the unit cells 
can be observed, which are in stark contrast to the posi-
tions of Bi. The peaks associated with the locations of 
(4a) show significant prominence, while those related 
to oxygen positions at tetrahedral and octahedral sites 
are minuscule. The findings presented in Fig. S2 pro-
vide further elaboration on this information. The full 
detailed crystallite and fitting parameters of the fcc 
δ-phase ceramics are precisely outlined in Table 1, based 
on the Rietveld profile results. As displayed in Figs. 2 
and S1, the refinement profile fitting exhibits exceptional 
fitting, as evidenced by the χ2 values being less than 2. 
This robust goodness of fit is a strong testament to the 
accuracy of the results.

The mean crystallite sizes (D) were determined using 
the Scherrer-Warren Equation

Table 1 showcases the XRD findings that indicate a 
considerable reduction in D values. The greater disloca-
tion density and point defect generation observed may 
be attributed to substituting  Bi3+ cations with dopant 
cations such as  Dy3+ and  V5+. This substitution results 
in an increased number of vacant anion positions inside 
the crystal structure, possibly generating an electrically 
induced anion sublattice. As for rare-earth doping, it’s 
worth noting that the anion removal process from the 
lattice may induce lattice strain, thus contributing to the 
observed decrease in average crystallite size, as exem-
plified by the data in Table 1 [37]. In addition to deter-
mining the crystal structure of the δ-phase ceramics, the 
current study also calculated other important structural 
features, such as dislocation density (δ), stacking fault 
(SF), and lattice strain (ε) [33]. Table 1 lists the values of 
these parameters, which are calculated using Eqs. (2, 
3, 4).

(1)D = k�∕
(

�
hkl

cos �
)

(2)� =
1

D
2

Fig. 2  Rietveld refinement of XRD data of cubic stabilized 
 Bi0.90V0.05Dy0.05O1.5. The vertical green line shows the estimated 
Bragg reflection points. The lower red line represents the differ-
ence between the observed and calculated patterns
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Intrinsic stacking faults (SFs) are known to origi-
nate from the accumulation of vacancies or aggrega-
tion of interstitials. The microstructures synthesized in 
the current study exhibit an impeccable arrangement 
of lattice planes and a notable absence of significant 
defects. Table 1 shows a direct correlation between the 
decrease in crystallite size and increased lattice stain, 
as predicted by Eq. (2) [33]. Table 1 illustrates that the 
lattice parameters obtained from the cubic δ-phase 
compositions are lower than those of pure δ-Bi2O3 
(5.6595 Å). This reduction in the lattice constant is 
attributed to utilizing relatively more minor cations 
than the host  Bi3+ cation. The exchange of cations 
between rare-earth cations and host  Bi3+ ions results 
in lattice reduction. The ionic radii of  Bi3+,  Dy3+, and 
 V5+ in octahedral locations have a significant impact 
on this phenomenon. According to L. Gui et al. [38], 
the ionic radii of  Bi3+,  Dy3+, and  V5+ are 1.03, 0.912, 
and 0.54 Å, respectively. Furthermore, Table 1 clearly 
shows that increasing the overall dopant concentration 
in the composition leads to a reduction in crystallite 
size. This effect can be attributed to an elevation in the 
lattice strain (ε) resulting from a significant enhance-
ment in dislocation densities, indicating crystal imper-
fections such as dislocation. Loading  V5+ and  Dy3+ into 
the pristine Bismuth (III) oxide causes a size reduction, 
accompanied by the natural formation of non-uniform 
crystal defects primarily associated with lattice strain 
[39, 40].

For deep insight into the structure, composition, 
and bonding states of the  Bi1−x−yVxDyyO1.5 ceramic 
systems, X-ray photoelectron spectroscopy (XPS) 
was performed. The full-range XPS survey scan of a 
 Bi0.85V0.10Dy0.05O1.5 is shown in Fig. 3a, demonstrat-
ing the presence of bismuth (Bi 4f), dysprosium (Dy 
3d), vanadium (V 2p), carbon (C 1s), and oxygen 
(O 1s) in the ceramic material. Figure 3a displays 
the XPS survey scan of a ceramic material with the 
chemical composition  Bi0.85V0.10Dy0.05O1.5. The scan 
indicates the presence of several elements, includ-
ing bismuth (Bi 4f), dysprosium (Dy 3d), vanadium 
(V 2p), carbon (C 1s), and oxygen (O 1s). According 
to the data provided, the contents of Bi, Dy, V, C, 
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and O elements in the  Bi0.85V0.10Dy0.05O1.5 pellet were 
calculated to be 21.64, 1.20, 1.31, 41.51, and 34.35%, 
respectively. The XPS full scan shows a carbon C 
1s peak at a binding energy of 285 eV, attributed to 
contamination from atmospheric sources and adven-
titious carbon from the XPS instrument. In fact, a 
significant concentration of carbon contamination is 
typically observed in most samples exposed to the 
atmosphere.

The Bi 4f spectra in Fig. 3b reveal two distinct peaks 
at binding energies (BE) of 163.74 and 158.45 eV, corre-
sponding to Bi  4f7/2 and Bi  4f5/2 spin orbits, respectively 
[41]. The spin-orbit separation between these peaks is 
5.29 eV. As per the available literature, no significant 
shift is observed in the binding energy values of the 
peaks. This observation strongly suggests the existence 
of bismuth in the  Bi+3 state. The presence of two less 
prominent peaks at higher binding energy 159.7 eV 

Fig. 3  a XPS survey spectra 
of  Bi0.85V0.10Dy0.05O1.5 
composition. High-resolution 
deconvoluted core level 
spectra of b Bi 4f, c Dy 3d, d 
V 2p, and e O 1s
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(Bi  4f7/2) and 165.0 eV (Bi  4f5/2) among the four decon-
voluted peaks can be attributed to a surface charging 
effect caused by a change in the polarization of the 
 Bi0.85V0.10Dy0.05O1.5 crystal and suggesting the exist-
ing of  Bi3+ [42]. Furthermore, the Dy 3d spectra illus-
trated in Fig. 3c reveal two peaks associated with the 
spin-orbit splitting of Dy  3d5/2 and Dy  3d3/2 at binding 
energies of 1295.67 and 1333.11 eV, respectively [43]. 
As per the methodology in [44], O1s and V2p XPS pho-
tolines were analyzed. According to reports, the O1s 
region with binding energy (BE) of 530 eV falls within 
the range used to determine the Shirley background 
underlying the V2p zone. The O1s core level with a 
binding energy of 530.0 eV is an absolute internal ref-
erence for BE. The binding energy of the  V2p3/2 core 
level remains constant for all oxidation states of vana-
dium in proportion to the O1s level. Additionally, the 
signal portions of  V2p3/2 and  V2p1/2 are rigidly limited 
to a 3:1 ratio. It is worth mentioning that vanadium 
can be present in ceramics in two oxidation states,  V4+ 
and  V5+. In a previous study, VOx-grafted  TiO2 nano-
particles were used as an efficient anode catalyst, and 
it was observed that  V5+ has a  2p3/2 binding energy 
(BE) of approximately 517.3 eV, while  V4+ is at a BE of 
around 516.1 eV [45]. In the V 2p spectra, there are two 
distinguishable peaks. The first peak is specifically for 
V  2p3/2, and the other peak, confidently attributed to 
the V  2P1/2 spin state, is observed at 523 eV. Therefore, 
the V  2p3/2 core level peak may be divided into two 
components: one originating from  V4+ ions with a BE 
of ∼ 516 eV and the other from  V5+ ions with a BE of 
517.2 eV, as shown in Fig. 3d. The deconvolution of the 
 V2P3/2 peak shows that both  V4+  2p3/2 and  V5+2p3/2 are 
present in signal areas with a ratio of approximately 
2:1 [45]. The O 1s deconvoluted spectra of the sam-
ple under investigation are presented in Fig. 3e. The 
analysis of the spectra exhibits three distinct peaks 
with utmost clarity. The first peak at a binding energy 
(BE) of 529.18 eV is attributed to  Bi3+–O2− [46]. The sec-
ond component, between 530.5 ± 0.5 eV, is attributed 
to the  O2− in the oxygen-deficient  (VO) region within 
the matrix of  Bi0.85V0.10Dy0.05O1.5 [46]. The third peak 
identified at a BE of 532.39 ± 1 eV is unequivocally 
associated with adsorbed oxygen species, specifically 
 H2O and  CO2 [47].

3.2 �TG/DTA�thermal�analysis

The thermal characteristics of the compositions, as 
observed through the TG/DTA system, are depicted 

in Fig. 4. In Fig. 4a, the TG results (represented by the 
red and green line) demonstrate the weight loss expe-
rienced by samples M4  (Bi0.75V0.20Dy0.05O1.5) and M7 
 (Bi0.75V0.05Dy0.20O1.5) throughout thermal treatment. 
The TG curve reveals that the heating process does 
not result in any significant mass loss, which shows 
that the chart experiences minimal fluctuations of only 
0.1%, indicating that the compositions can maintain 
stability even under high-temperature conditions. The 
other synthesized ceramics also exhibited the same 
observation, as demonstrated by the TG curves in Fig. 
S3 (Supplementary material). Under similar condi-
tions encountered through electrical investigations, 
it may be argued that higher-temperature regions 
show a significant thermal and structural stability 
level. Furthermore, the increase in oxygen voids (Vo) 

Fig. 4  TG-DTA curves of a two different samples, 
 Bi0.75V0.20Dy0.05O1.5 and  Bi0.75V0.05Dy0.20O1.5, during the 
order-disorder transition, and b FCC stabilized samples 
 Bi0.90V0.05Dy0.05O1.5 and  Bi0.85V0.10Dy0.05O1.5
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in the sublattice resulting from the doping process 
indicates that removing  O2− ions from the sublat-
tice and their conversion into oxygen gases may be a 
possible explanation for the temperature-dependent 
weight loss [33]. The DTA analysis clearly indicates 
the presence of a broad endothermic peak in the range 
of 700 to 745 °C through the heating process of sam-
ples M4 and M7 (black and blue lines), as depicted 
in Fig. 4a. The selected samples showed an endother-
mic peak during the heating process, as indicated by 
DTA. For  Bi0.75V0.20Dy0.05O1.5, the process started at 
 Tonset= 720 °C and ended at  Tend= 728 °C. Similarly, 
for  Bi0.75V0.05Dy0.20O1.5, the process started at  Tonset= 
744.4 °C and ended at  Tend= 744.6 °C. The loading of 
 V5+ and  Dy3+ in the ternary ceramic system results in 
a slight shift in  Tonset between samples M4 and M7. 
The endothermic peak in the DTA curves is caused by 
the order-disorder transition (ODT) [33]. This obser-
vation is consistent with the XRD data (Fig. 1a) that 
indicates the presence of the δ-phase and a small per-
centage of the α-phase in the samples under inves-
tigation. Additionally, the DTA curves for Samples 
M1  (Bi0.90V0.05Dy0.05O1.5) and M2  (Bi0.85V0.10Dy0.05O1.5) 
demonstrate thermal stability up to 800 °C without 
any observable endothermic peaks. This lack of an 
endothermic peak in M1 and M2, as illustrated in 
Fig. 4b, agrees with the XRD findings (Fig. 1a). The 
ODT is contingent upon the occupation of a sublattice 
within the distorted defect crystal structure of the fcc 
δ-phase  Bi2O3, characterized by oxygen ion vacancies. 
The XPS results corroborate this observation. The oxy-
gen lattice points of the δ-phase  Bi2O3, doped with V 
and Dy, are observed to be partially occupied by oxy-
gen ions. During solid-state processing involving load-
ing of  V2O5 and  Dy2O3 in the δ-Bi2O3 crystal lattice, it 
has been noted that the cations of  V5+ and  Dy3+ exhibit 
a preference for substitution at the face-centered cubic 
(fcc) sites within the crystal structure. The evidence 
strongly suggests that  Dy2O3 and  V2O5 can dissolve 
in the δ-Bi2O3 matrix. Furthermore, certain oxygen lat-
tice points placed near the fcc sites will likely remain 
vacant, ultimately creating an anion vacancy in the 
structure.

The FCC crystal structure demonstrates the fluo-
rite structure with a deficiency of oxygen, having two 
units per cell and two empty locations for oxygen ions 
in each unit cell. The bismuth ions are positioned on 
the FCC sites inside the structure, differing solely in 
their arrangement relative to the oxygen ions [48]. 
The observed scenario in conductivity measurements 

consistently indicates a transition from the low-tem-
perature range (LTR) to the high-temperature range 
(HTR), which can be attributed to the onset of the 
ODT. Furthermore, the high-temperature regions 
exhibit remarkable thermal and structural stability. 
The endothermic reaction and electrical conductivity 
transition suggest the exact transport mechanism due 
to differences in the occupancy of oxide ion locations 
(8c and 32f) [33].

3.3 �The�morphological�characteristics�
of�the�sintered�pellets

After conducting conductivity measurements, a field-
emission scanning electron microscope (FESEM) was 
used to thoroughly analyze the surface morpholo-
gies of the prepared pellets at ambient temperature. 
Figure 5 demonstrates the FESEM morphology of 
the surfaces and fractures of all the prepared pellets. 
The micrographs consistently showed the presence 
of non-uniform and aggregated grains. The degree of 
aggregation was observed to be more prominent as the 
concentration of  Dy3+ loading increased, in contrast 
to the 5–20 wt% vanadium loading, as illustrated in 
Fig. 5. The estimated mean grain size of the as-sintered 
pellets varies from 0.80 to 5.57 μm. The FESEM images 
demonstrate that neither  Bi0.90V0.05Dy0.05O1.5 nor 
 Bi0.85V0.10Dy0.05O1.5 samples exhibit any visible pore 
formation, even under higher magnification, as shown 
in Fig. 5a, b. The microstructure of Dy-5wt% pellets 
sintered at 800 °C, significantly improving its density. 
The sintering process led to well-defined grain bound-
aries and a complete absence of porosity, as evidenced 
by Fig. 5a, b. Conversely, the corresponding data in 
Fig. 5e–g reveal a noticeable increase in pore forma-
tion with an increase in  Dy3+ content. The presence 
of voids depicted in Fig. 5e–g that display irregular 
diameters indicates the porous nature of ceramics, 
consistent with previous studies’ findings as reported 
in the literature [33, 49]. Remarkably, the texture con-
trol of a material has a considerable influence on its 

Fig. 5  FESEM micrographs showing the pores archi-
tecture and interconnectivity for the as-sintered pel-
lets a  Bi0.90V0.05Dy0.05O1.5, b  Bi0.85V0.10Dy0.05O1.5, 
c  Bi0.80V0.15Dy0.05O1.5, d  Bi0.75V0.20Dy0.05O1.5, e 
 Bi0.85V0.05Dy0.10O1.5, f  Bi0.80V0.05Dy0.15O1.5,  g 
 Bi0.75V0.05Dy0.20O1.5, andh The apparent porosities of samples as 
a function of Dy content

▸
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electronic properties. The FESEM results of the M1 
pellet sample demonstrate that grain boundary defects 
in the crystal lattice can lead to a decrease in the elec-
trical conductivity of ceramic materials, according to 
Qiannan Xue et al. [50]. The presence of neighboring 
crystals at the boundary inevitably leads to periodic 
changes in the atomic potential. These changes cause 
a potential barrier, leading to electron scattering. The 
extent of the barrier is closely associated with the grain 
boundary structure and the chemical bonding present 
[50]. Furthermore, previous studies have shown that 
incorporating anion vacancies may induce changes in 
the local geometric structure, significantly impacting 
the material’s electrical performance. This phenom-
enon has been observed in the case of Vanadium-rich 
pellets [50, 51].

Including varied valence cations, such as  DY3+ and 
 V5+, improves the stability of the  Bi2O3 crystal structure 
and promotes the creation of oxygen vacancies. As the 
degree of substitution increases, the conductivity of ions 
also increases. This is because more oxygen voids are 
present in the material at higher substitution degrees. 
Incorporating mixed valence cations, such as  DY3+ and 
 V5+, into the  Bi2O3 crystal structure has been found to 
enhance its stability and promote the formation of oxy-
gen vacancies. With an increase in substitution degree, 
the electrical and ionic conductivity of the material is 
observed to increase as a result of an increase in the 
number of oxygen vacancies. These findings suggest 
that introducing mixed valence cations can be a helpful 
strategy in enhancing the performance of  Bi2O3-based 
materials for various applications, including solid oxide 
fuel cells and gas sensors. Figure 5h illustrates the appar-
ent porosities of the sintered pellets M1, M5, M6, and 
M7, determined through the Archimedes drainage tech-
nique. The results indicate that the sintered pellets have 
a low level of void space, with an apparent porosity of 
no more than 2.5%. These findings are significant, as 

they suggest that the pellets possess desirable properties 
as a solid electrolyte for SOFCs. The observed increase in 
porosity can be attributed to the higher concentration of 
dysprosium because  Dy2O3 has a higher melting point 
(∼ 2330–2350 °C) than  Bi2O3 (825 °C). The findings, in 
conjunction with the FESEM images depicted in Fig. 5, 
suggest that the sintered pellets exhibited sufficient den-
sity to satisfy the standards set for SOFC electrolytes, 
especially samples M1 and M2, and are well consistent 
with the results of the electrical measurements. Further-
more, the findings presented in this study align with the 
comparative densities displayed in Table 2 [52]. 

3.4 �Electrical�characteristics�of�the�solid‑state�
electrolytes

The graph presented in Fig. 6 displays the variation 
in electrical conductivity of disc-shaped samples with 

Table 2  The calculated 
theoretical, practical, and 
relative densities for the 
sintered samples

Composition Theoretical 
densities(g/cm3)

Practical densities 
(g/cm3)

relative densities 
(%)

References

Bi0.90V0.05Dy0.05O1.5 8.771 8.672 96.981 8.487 [52]
Bi0.85V0.10Dy0.05O1.5 8.700 8.655 96.922 8.344 [52]
Bi0.80V0.15Dy0.05O1.5 8.770 8.701 95.875 8.637 [52]
Bi0.75V0.20Dy0.05O1.5 8.791 8.411 95.765 8.387 [52]
Bi0.85V0.05Dy0.10O1.5 8.729 8.342 95.777 This work
Bi0.80V0.05Dy0.15O1.5 8.782 8.433 98.487 This work
Bi0.75V0.05Dy0.20O1.5 8.796 8.444 95.399 This work

Fig. 6  The temperature dependence of electrical conductivity 
(σ) for  Bi1−x−yVxDyyO1.5 ternary systems (y = 0.05/x = 0.05, 0.10, 
0.15, 0.20, and x = 0.05/y = 0.10, 0.15, 0.20)
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respect to temperature. The data in Fig. 6 indicates that 
the conductivity plots follow the Arrhenius equation. 
This equation is commonly represented as follows:

 where Ea is the activation energy associated with dc 
conductivity, σ0 represents the pre-exponential factor, 
T denotes the temperature in K, and kB stands for the 
Boltzmann constant.

The electrical conductivity of the pelletized samples 
increases proportionally with the rise in temperature 
due to the thermal activation of conducting species. In 
 Bi1−x−yVxDyyO1.5 solid solutions, the primary source of 
electrical conduction is the defects present in the crys-
tal lattice, such as vacant anion sites, vacancy accumu-
lation, and interstitial aggregation. Numerous reports 
have conclusively demonstrated that the Arrhenius 
plot for doped metal oxide-based  Bi2O3 exhibits the 
presence of two distinct regions [12, 15, 16, 23, 33]. The 
same trends were observed in conductivity graphs of 
ceramics M4, M6, and M7, as shown in Fig. 6. This is 
evidenced by a sharp increase in σ at approximately 
710–723 °C. The literature attributes the phenomenon 
under consideration to the order-disorder transition 
(ODT), which is solely dependent on the particular 
configuration of oxygen in the crystal lattice [12, 15, 
16]. This result is consistent with the obtained XRD 
analysis. Preceding the α→δ transition, the oxygen 
ions in the anion sublattice exhibit a random distribu-
tion within the structured tetrahedral sites (8c). Dur-
ing this transition, a certain fraction of the migratory 
 O2− ions tend to relocate to the octahedral positions 
(32f), characterized by a disordered structure and 

(5)�
T
= �

0
exp

(

−E
a

K
B
T

)

,

commonly referred to as the 32f Wyckoff position. This 
relocation results in the depletion of the 8c sites [53, 
54]. Due to the low distance between empty ion posi-
tions in the surrounding sublattice, 32f positions are 
more dynamically promising for  O2− migration [32]. By 
comparison, the Arrhenius plots for the other ceramics 
(M2, M3, and M5) showed a linear variation of elec-
trical conductivity over the temperature range. They 
demonstrated the conductivity variation as a function 
of  V5+ and  Dy3+ content over the entire temperature 
range, as shown in Fig. 6. These findings imply that 
 Bi0.85V0.10Dy0.05O1.5 has the highest value of electri-
cal conductivity. As observed in the V-rich ceramics, 
such as  Bi0.90V0.05Dy0.05O1.5 and  Bi0.85V0.10Dy0.05O1.5, the 
impact of polarizability on conductivity was seen. The 
observed samples demonstrated a range of electrical 
conductivities, varying from 0.123 to 0.965 (Ω cm)−1 
when measured at 627 °C. On the other hand, ceram-
ics exhibiting a more significant proportion of Dy 
exhibited diminished electrical conductivities, which 
spanned from 0.010 to 0.097 (Ω cm)−1 at a temperature 
of 627 °C. This implies that utilizing dopants with high 
polarizability is imperative to δ-phase stability and 
attain enhanced conductivity while minimizing the 
dopants’ concentration. The results of the conductiv-
ity measurements are summarized in Table 3.

Table 3 demonstrates that sample M2 has the great-
est ultimate conductivity of 0.964 (Ω.cm)-1 among all 
the synthesized samples. Hence, increased electrical 
conductivity is observed upon increasing  V5+ con-
centration to 10%. When the  Dy3+ and  V5+ content is 
increased to 15%, there is a decrease in conductivity, 
as shown in Fig. 6. This decrease may be attributed 
to a reduction in the ratio of polarizable cations and 

Table 3  Measured electrical conductivity and activation energies for samples that expert the order-disorder transition and those in the 
cubic δ-phase

Sample code Composition LTR (352–477 °C) HTR (560–727 °C) References

Electrical con-
ductivity σ (Ω 
cm)−1

Ea (eV) Phase 
composi-
tion

Electrical 
conductivity (Ω 
cm)−1

Ea (eV) Phase 
composi-
tion

M1 Bi0.90V0.05Dy0.05O1.5 8.04 ×  10−3 1.340 α + δ 1.91 ×  10−1 1.286 δ  σ = 1.97 ×  10−1 (Ω. 
cm)−1at 750 °C 
[30]

 σ = 1.58 ×  10−1 (Ω. 
cm)−1at 750 °C 
[29, 30]

M2 Bi0.85V0.10Dy0.05O1.5 6.20 ×  10−1 1.363 α + δ 9.65 ×  10−1 0.537 δ
M3 Bi0.80V0.15Dy0.05O1.5 4.21 ×  10−2 1.528 α + δ 1.23 ×  10−1 0.551 δ
M4 Bi0.75V0.20Dy0.05O1.5 8.94 ×  10−3 1.375 α + δ 1.65 ×  10−1 0.965 δ
M5 Bi0.85V0.05Dy0.10O1.5 1.89 ×  10−2 1.458 α + δ 9.75 ×  10−2 0.908 δ
M6 Bi0.80V0.05Dy0.15O1.5 7.80 ×  10−3 1.211 α + δ 1.14 ×  10−3 1.139 δ
M7 Bi0.75V0.05Dy0.20O1.5 5.18 ×  10−3 1.267 α + δ 1.04 ×  10−3 1.129 δ
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the number of oxide ion vacancies. The observed phe-
nomenon in this particular instance can be ascribed 
to the fact that the ionic radii of the dopant materials 
are comparatively smaller in size compared to  Bi2O3. 
We have chosen early studies concentrating on dou-
ble-doped research of  Dy2O3 and  Sm2O3-based  Bi2O3 
reported by M. Kş et al. to construct a comparison 
analysis with existing literature [29]. In this study, 
Kış et al. demonstrated that the electrical conductivity 
of fluorite-type phases in  Dy2O3 and  Sm2O3 double-
doped  Bi2O3-based compositions at a temperature of 
750 °C ranges from 9.89 ×  10−3 to 2.50 ×  10−2 (Ω cm)−1. 
According to M. Kış et al. [29], it was observed that 
the conductivity of δ-Bi2O3 phases, when doped with 
 Dy2O3, exhibited a positive correlation with tempera-
ture. Furthermore, a significant increase in conduc-
tivity was observed after reaching a temperature of 
approximately 750 °C, suggesting the occurrence of 
δ-phase formation. The obtained conductivity level 
is comparable to the double-doping approach eluci-
dated by D.W. Jung et al. [23], demonstrating the most 
effective strategy for achieving optimal conductivity. 
Table 3 presents the electrical activation energies (Ea) 
for two specific temperature ranges: low-temperature 
(LTR) and high-temperature (HTR). In theory, the 
ODT enables the occurrence of two separate con-
ductivity pathways on the linear curve, forming LTR 
and HTR [55]. The sublattice, arranged in a specific 
order (i.e., LTR), has a notable activation energy (Ea) 
level. The sublattice that lacks specific order due to 
the α→δ transition definitely exhibits comparatively 
lower activation energy. Furthermore, the transition 
from order to disorder is unequivocally restricted 
by substantial double doping, leading to a notice-
able decrease in the inequality between the activation 
energies of LTR and HTR as the dopant concentra-
tion rises. According to A.G. Jolley et al., it has been 
noted that  Bi2O3-based systems that are doped with a 
large number of dopants have a greater inclination to 
contain an ordered anion sublattice rather than a dis-
ordered sublattice. This phenomenon has been found 
to result in a reduction in total conductivity [56]. The 
Ea values were determined by fitting a line to the con-
ductivity curves in two temperature ranges. Based on 
the data presented in Table 3, it is apparent that the 
XRD pattern of sample M2 has the characteristic peaks 
associated with a stabilized δ-phase. This sample has 
a minimum activation energy of 0.537 eV, consist-
ent with the activation energy estimated by Y. Polat 
et al. [30]. According to theoretical postulations, the 

polarizability of a cation exhibits a direct proportion-
ality to the cube of its radius. This implies that cations 
with greater radii, such as La, possess a higher degree 
of polarizability than their smaller counterparts [57]. 
The activation energy of the prepared samples shows 
a variation between 1.211 and 1.528 eV in LTR. Simi-
larly, this variation is also observed in the HTR, falling 
within the range of 0.537–1.286 eV [29, 30, 33]. Utiliz-
ing dopants with high polarizability to stabilize the 
cubic δ-phase can result in optimal conductivity for 
doped  Bi2O3 crystalline solids with minimal dopant 
usage.

A comprehensive assessment was conducted to 
evaluate the applicability of electrochemical imped-
ance spectroscopy (EIS) within the frequency range of 
1 Hz to 10 kHz to provide a thorough investigation of 
the operational efficiency of the designed electrolytic 
fuel cell. The Nyquist and Bode plots are displayed in 
Figs. 7 and 8 indicate a significant improvement in cell 
performance due to the doping process. The Nyquist 
plots were thoroughly analyzed and employed to 
estimate the equivalent circuit. It is worth noting that 
the increase in vanadium concentration within the 
samples (M1-M4) exhibited distinct electrochemical 
impedance spectroscopy (EIS) features, especially the 
sample M2. This sample showed the lowest ohmic 
resistance at high frequency in the Nyquist plot, cor-
responding to the largest recorded grain size observed 
from high-resolution scanning electron microscopy 
(HRSEM) and the highest electrical conductivity meas-
urements. These findings are presented in Table 4. 
The grain growth in sample M2  (Bi0.85V0.10Dy0.05O1.5) 
decreased the grain boundary contribution to the total 
resistance. It facilitated the charge transfer between 
grains, hence decreasing the charge transfer resistance 
(R2) at the electrode/electrolyte interface and yielding 
better conductivity. This indicates the occurrence of 
mass transport/diffusion phenomena, specifically, 
the oxygen concentration distribution at the cathode 
[58]. Additionally, at this concentration of vanadium, 
a stable constant plateau was observed with the lowest 
impedance and phase angle, as depicted in Bode plots 
shown in Fig. 8, dominating the ohmic conduction. 
In the intermediate frequency region, the capacitive 
contribution dominated the ohmic current [59, 60]. 
The composition  Bi0.85V0.10Dy0.05O1.5 demonstrated 
the lowest phase angle, impedance, and fmax (70 Hz) 
compared to the other fabricated ceramics. Including 
vanadium at a concentration of 10% has been dem-
onstrated to validate the enhanced electrochemical 
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performance of the fuel cell design [61]. On the other 
side, the addition of Dysprosium with different con-
centrations induced the formation of oxygen deficien-
cies, resulting in the formation of pores as revealed in 
the HRSEM, which play a significant role in trapping 
the charge transport, yielding a high impedance as 
revealed in Nyquist and Bode plots. Then, it can be 
concluded that the increment of  Dy3+-concentration 
in the  Dy3+–V5+ double-doping approach could 
negatively affect the performance of the developed 
cells. Total internal resistance (RS) may be found as 
the intercept of the semicircle on the real axis in the 
high-frequency zone; charge transfer resistance (R2) is 
shown by the narrow arc [33]. Figure 7a–g displays the 
Nyquist graphs of the constructed cells using the vari-
ous solid electrolyte solution and their correspond-
ing equivalent circuits. A low R2 value indicates that 
quicker ion conduction increases throughout charg-
ing and discharging. The  Bi0.85V0.10Dy0.05O1.5 solid 

electrolyte had the lowest R2 value of 700 Ω compared 
to other compositions. Each fabricated cell exhibited 
a concave semicircular shape with a line running 
diagonally in the low-frequency range, indicating the 
occurrence of mass transport/diffusion phenomena, 
specifically, the oxygen concentration distribution at 
the cathode [58]. Table 4 shows the retrieved circuit 
equivalent parameters. The ohmic series resistance 
(R1) encompasses the combined effects of the bipolar 
electrodes and the bulk polarization resistance. The 
charge transport resistance (R2) value is determined 
by the rate at which the electrode reaction takes place. 
The Warburg element (W1) represents vanadium diffu-
sion characteristics and is included with the constant 
phase element (Q). The electrode resistance decreases 
with increasing catalytic functions [59, 60].

Fig. 7  a–g Nyquist plot showing the solid lines representing the fittings of stabilized δ-phase  Bi1− x−yVxDyyO1.5 ceramics, 
(y = 0.05/x = 0.05, 0.10, 0.15, 0.20, and x = 0.05/y = 0.10, 0.15, 0.20). The inset shows the equivalent circuit diagram
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4 �Conclusion

The Dy-V co-doped  Bi2O3 was synthesized under 
atmospheric conditions using the solid-state approach. 
The impact of rare-earth cations as dopants on the phase 
stability of δ–Bi2O3 is crucial, especially in Dy-rich and 
V-rich ceramics, as indicated by the XRD profiles. The 
observed diffraction peaks on the XRD patterns sug-
gest a mixed crystallographic phase, which gradually 
diminishes with increased mutual dopant concentra-
tions. This implies a transition to the single fcc δ-phase. 
The Rietveld analysis and electron density representa-
tion indicate the absence of impure peaks from α-Bi2O3, 
emphasizing the transition to the δ-phase polymorphs. 
An increase in the dopant ratio causes a noticeable shift 
toward higher 2θ in the sharp peaks associated with 
the (111) plane. This shift strongly suggests a significant 
alteration in the lattice characteristics. In the DTA curves 
for samples M4 and M7, a distinct endothermic peak is 
observed at temperatures of approximately 724.5 and 
744.5 °C. These peaks indicate a phase transition from 
the monoclinic α-phase to the cubic δ-phase. The endo-
thermic peaks are also attributed to an order-disorder 
transition (ODT), which signifies a positional migra-
tion of  O2− ions in the oxygen sublattice of the doped 
crystal structure rather than a likely phase transition. 
Based on the conductivity measurements and EIS anal-
ysis,  Bi0.85V0.10Dy0.05O1.5 exhibits the highest electrical 
conductivity despite being in the mixed phase, with 
an outstanding value of 0.965 (Ω cm)−1 and an optimal 
activation energy of 0.537 eV at 627 °C. This exceptional 
performance is attributed to the high polarizability and 
mixed valence cations, especially in  V5+-rich ceramics, 
compared to the  Dy3+-rich compositions with a reduced 
conductivity of 0.010 to 0.097 (Ω cm)−1. The presence 
of mixed valence cations with different ionic radii and 
concentrations further stimulates the formation of oxy-
gen vacancies in the crystal lattice of Bi (III) oxide. It 

Fig. 8  Bode plots: a 10log ǀZǀ vs. 10log f, b phase angle vs. 
10log f, of the impedance spectra of the stabilized δ-phase 
 Bi1−x−yVxDyyO1.5 ceramics, (y = 0.05/x = 0.05, 0.10, 0.15, 0.20, 
and x = 0.05/y = 0.10, 0.15, 0.20)

Table 4  The circuit 
equivalent parameters derived 
from EIS measurements

Sample code Ceramic R1 (Ω) R2 (×104 Ω) W1 (×10−6 
Ω.  Hz−1/2)

Q1 (×10−6 
 SN/Ω)

N1

M1 Bi0.90V0.05Dy0.05O1.5 66.60 0.78 3520 1.77 0.859
M2 Bi0.85V0.10Dy0.05O1.5 50.34 0.07 755.4 2.77 0.810
M3 Bi0.80V0.15Dy0.05O1.5 59.61 1.55 11.21 2.03 0.865
M4 Bi0.75V0.20Dy0.05O1.5 71.72 3.98 9.428 1.94 0.865
M5 Bi0.85V0.05Dy0.10O1.5 60.12 2.69 18.95 2.06 0.851
M6 Bi0.80V0.05Dy0.15O1.5 74.28 92.8 3077 1.64 0.864
M7 Bi0.75V0.05Dy0.20O1.5 54.33 97.4 9690 1.49 0.857
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enhances the thermal stability of compositions, promot-
ing the sample’s superior conductivity. The  V5+–Dy3+ 
double-doped  Bi2O3 systems are highly promising as 
solid electrolytes for SOFCs, owing to their high oxy-
gen ion conductivity and remarkable structural stability. 
The FESEM micrographs of pellet sample M2 demon-
strate the absence of any pore development, confirming 
a remarkably high degree of densification and signifi-
cantly enhancing electrical and electrochemical perfor-
mance. In comparison, incorporating  Dy3+ leads to the 
formation of the pores. Observing increased pore for-
mation of the as-sintered samples is a critical and con-
crete indication of the successful formation of densely 
packed pellets. This requirement is crucial for interme-
diate-temperature SOFCs. According to the Nyquist 
plots data, it is evident that the impedance drops with 
the increase in vanadium doping level until it reaches 
 Bi0.85V0.10Dy0.05O1.5. Further, as the dysprosium content 
increases, the impedance rises, leading to a decline in 
cell performance.
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