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Abstract
Solid oxide fuel cells (SOFCs) have attracted significant attention as a highly efficient type of fuel cell. Recent research 
proposes the use of co-doped scandium-stabilized zirconia with Gd and Ce (denoted as 10Sc0.5Gd0.5CeSZ) and Yb and Bi 
co-doped gadolinium-doped ceria (denoted as GYBC) as promising materials for the electrolyte and buffer layers, respec-
tively. 10Sc0.5Gd0.5CeSZ exhibits excellent structural stability and ionic conductivity, which can be attributed to the doping 
of Ce for enhanced stability and Gd for improved ionic conductivity. On the other hand, GYBC demonstrates good sinter-
ability and ionic conductivity due to the ability of Bi to lower the sintering temperature and the high ionic conductivity of 
Yb. To evaluate the feasibility of 10Sc0.5Gd0.5CeSZ and GYBC at the single cell level. X-ray diffraction (XRD) peaks and 
Rietveld refinements show good structural stability with slight increase in the lattice parameter by doping. The particle mor-
phologies, size distributions, and BET surface areas are evaluated for the basic material characterizations. Then, lanthanum 
strontium cobalt ferrite (LSCF)–gadolinium-doped ceria (GDC) was selected as cathode material with 10Sc0.5Gd0.5CeSZ 
and GYBC. Finally, a single cell composed of Ni-Yttria stabilized zirconia (YSZ)/10Sc0.5Gd0.5CeSZ/GYBC/LSCF-GDC 
(6.5:3.5) is fabricated by sequential 3-layer co-tape casting technique, and it shows good open circuit voltage of > 1.0 V, high 
electrochemical performance of 0.73 W/cm2 and low ohmic resistance of 0.17 Ωcm2 at 750 °C. Then, the electrochemical 
characteristics and long-term durability of this single cell are evaluated over 500 h without degradation issues. Based on 
these results, it is concluded that 10Sc0.5Gd0.5CeSZ and GYBC are promising candidate materials for SOFCs.

Keywords Solid oxide fuel cell · Electrolyte · Buffer layer · Tape casting · Durability

1 Introduction

A solid oxide fuel cell (SOFC) is a high temperature fuel cell 
that is composed of ceramic materials, and it has attracted 
attention because of the various advantages [1–6]. Because 
of the high SOFC operating temperature of 500–850 °C, low 
cost perovskite-structured electrodes instead of noble metals 
such as platinum can be used for SOFCs, which improves 
economic competitiveness of the fuel cells [7, 8]. High 
temperature waste heat from SOFCs can be also utilized 
for heating. In addition, SOFCs can be operated at higher 
efficiencies than low temperature fuel cells such as polymer 
electrolyte membrane fuel cells (PEMFCs) and phosphoric 
acid fuel cells (PAFCs) [9, 10]. Various hydrocarbon fuels 
can be used directly as fuel for SOFCs [11]. For these advan-
tages, SOFCs have been studied for various power genera-
tion systems [12–14].
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However, the high operating temperature of SOFCs have 
limited the metallic components used for SOFC stacks, and 
reduce the long-term durability by coarsening of Ni particles 
at anodes, oxidation of metallic components, and chromium 
poisoning issues of cathodes [15, 16]. To solve these issues, 
continuous efforts to reduce the operating temperature of 
SOFCs have been reported [17]. However, ionic conduc-
tivities of the electrolyte materials decrease as the operating 
temperatures decrease, which reduces electrochemical per-
formance of the SOFCs. For the low temperature operation 
of SOFCs, electrolyte materials with high ionic conductivi-
ties even at low operating temperatures such as Lanthanum 
strontium gallium magnesium oxide (LSGM), Scandia-sta-
bilized Zirconia (ScSZ), and Ceria and Yttria doped Barium 
Zirconate (BZCY) have been developed [18–20]. ScSZ is 
one of the promising electrolyte materials that can be used 
for low temperature operation of SOFCs because of its high 
ionic conductivity and low activation energy for the move-
ment of oxygen ions [21–23].

However, ScSZ has a limitation of low structural stabil-
ity such as phase transition from cubic to rhombohedral or 
tetragonal phase depending on the amount of dopants or 
temperature, and aging issues caused by long-term exposure 
to SOFC operating temperatures [24–26]. To solve these 
issues, various materials such as Ce, Ti, Bi, and Y are doped 
into ScSZ [27–30]. However, doped ScSZ still has degrada-
tion issues due to the increased grain boundary resistance 
caused by the gradual diffusion of cations such as  Ce3+ from 
the inside of grain to the grain boundary [31, 32]. Recently, 
Ce- and Yb, Gd, or Sm co-doped ScSZ have been proposed 
to improve the stability of doped ScSZ materials by reduc-
ing the amount of diffusing cations of  Ce3+ by substituting 
them with other more stable cations [26, 33]. Ce- and Gd-co 
doped ScSZ showed excellent structural stability and high 
ionic conductivity compared to Ce-doped ScSZ, Sm, Ce co-
doped and Yb, Ce co-doped ScSZ [26].

To fabricate single cells with high electrochemical per-
formances, highly active cathode materials are required. 
Lanthanum strontium cobalt ferrite (LSCF) is one of the 
most frequently used cathode materials for SOFCs [34–36]. 
However, LSCF reacts with doped zirconia electrolytes such 
as yttria-stabilized zirconia (YSZ) and doped-ScSZ, form-
ing secondary phases of strontium zirconate  (SrZrO3) and 
lanthanum zirconate  (La2Zr2O7) at the interface when it is 
sintered and operated at high temperatures above 900 °C 
[37–39]. To prevent these side reactions, dense buffer lay-
ers composed of ceria-based materials such as gadolinium-
doped ceria (GDC) can be deposited between LSCF and 
doped-ScSZ [23, 40]. However, there are following issues to 
fabricate the dense buffer layers: 1. High sintering tempera-
ture of 1350–1600 °C required for GDC, and 2. Constrained 
sintering of buffer layers on pre-sintered electrolyte which 
prevent full densification of the buffer layer [41]. To solve 

these issues, Bi-doped GDC is proposed to reduce the sin-
tering temperature through transient liquid phase-assisting 
mechanism [42]. By doping Bi into GDC, the sintering 
temperature can be reduced to 1200–1400 °C. However, 
the ionic conductivity of the Bi-doped GDC is also reduced 
because of a larger cation radius of Bi of 0.1170 nm than 
Gd of 0.1053 nm, narrowing oxygen ion diffusion path [43, 
44]. For this reason, Yb- and Bi- co doped GDC is proposed 
by substituting a portion of Bi with Yb, which has a cation 
radius of 0.0985 nm, leading to higher ionic conductivity 
[44].

Ce- and Gd-co doped ScSZ (10Sc0.5Gd0.5CeSZ) and 
Yb- and Bi- co doped GDC (GYBC) have been studied 
as a potential electrolyte and buffer layers for SOFCs due 
to their higher structural stability, ionic conductivity, and 
good sinterability than the conventional ScSZ and GDC. 
10Sc0.5Gd0.5CeSZ has higher structural stability and ionic 
conductivity by doping Ce for the strong stability and Gd for 
the high ionic conductivity. GYBC has higher sinterability 
and ionic conductivity by doping Bi for lowering sintering 
temperature and Yb for high ionic conductivity Previous 
studies have mainly focused on the basic feasibility study on 
the materials properties such as materials synthesis, compo-
sition screening, crystal structure, and conductivity measure-
ment [26, 33, 44]. However, the processability, sinterability, 
and durability have not been reported, which are significant 
for the commercialization of the electrolyte and buffer layer 
materials for SOFCs.

In this study, comprehensive analyses including mate-
rial characterization, cell fabrication using mass production 
techniques, electrochemical characterization, and long-
term testing were conducted to further assess the viability 
of 10Sc0.5Gd0.5CeSZ and GYBC at the single-cell level, 
which has not been reported before. The material character-
istics of 10Sc0.5Gd0.5CeSZ and GYBC were investigated 
through X-ray diffraction (XRD) with Rietveld refinement, 
BET surface area measurements using  N2 physisorption, 
and observation of powder morphologies using transmission 
electron microscopy (TEM) images and image processing 
techniques. Subsequently, LSCF-GDC cathodes with ratios 
of 6.5:3.5 and 6:4 were evaluated with sintering tempera-
tures of 1100 °C and 1050 °C to optimize the fabrication 
conditions when used on a doped ceria layer. Investigations 
included XRD, microstructural analysis through scanning 
electron microscopy (SEM) and image processing, BET 
surface area measurements using  N2 physisorption, and 
electrochemical impedance spectra (EIS). Following these 
evaluations, a single cell was fabricated using the sequential 
3-layer co-tape casting process, which allows the sequential 
coating and simultaneous sintering of the anode support, 
anode functional layer, and electrolyte. The single cell was 
composed of Ni-YSZ anode support/Ni-YSZ anode func-
tional layer/10Sc0.5Gd0.5CeSZ electrolyte/GYBC buffer 
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layer/LSCF-GDC (6.5:3.5) cathode. The electrochemi-
cal performance and EIS of the produced single cell were 
thoroughly evaluated, and the durability of the single cell 
was tested for 500 h to assess its long-term stability and 
reliability.

2  Experimental

2.1  Characterization of Materials Properties

In this study, the electrolyte materials used were 
Ce- and Gd-co-doped ScSZ with the chemical for-
mula  (Sc2O3)0.1(Gd2O3)0.005(CeO2)0.005(ZrO2)0.89, 
referred to as 10Sc0.5Gd0.5CeSZ, and Yb- and 
Bi-co-doped GDC with the chemical formula 
 (Gd2O3)0.0675(Yb2O3)0.0075(Bi2O3)0.01(CeO2)0.83, denoted as 
GYBC. The cathodes used were LSCF-GDC with a weight 
ratio of 6:4 and 6.5:3.5, comprising  La0.6Sr0.4Co0.3Fe0.7O3-δ 
(LSCF6437) and  Gd0.1Ce0.9O1.95, which were prepared by 
Kceracell (South Korea). To observe the morphologies of 
the materials, SEM (FE-SEM S-4300, Hitachi, Japan) and 
transmission electron microscope-energy dispersive spec-
troscopy (TEM-EDS, JEM-ARM200F, JEOL, Japan) were 
utilized. The Brunauer–Emmett–Teller (BET) surface areas 
and corresponding particle sizes were determined through 
 N2 physisorption (3Flex, Micromeritics, USA), assuming no 
particle agglomeration and spherical particle shapes. Parti-
cle size distributions of 10Sc0.5Gd0.5CeSZ and GYBC, as 
well as the porosities of the LSCF-GDC electrodes, were 
assessed through TEM and SEM image processing, respec-
tively, using ImageJ software. To investigate the crystalline 
structures, XRD analysis (SmartLab X-ray diffractometer, 
Rigaku, Japan) was carried out. The lattice parameters and 
cell volumes were then analyzed through Rietveld refine-
ment using Highscore Plus software.

2.2  Electrochemical Impedance Spectrometry (EIS) 
Analysis on LSCF‑GDC Cathodes

Symmetrical cells were prepared to assess the EIS of LSCF-
GDC cathodes at various sintering temperatures and weight 
ratios. GDC electrolyte pellets with a diameter of 2 cm and a 
thickness of 0.100 cm were fabricated using the dry-pressing 
method and sintered at 1450 °C for 6 h. For the cathodes, 
pastes were prepared by mixing LSCF-GDC powders in 
weight ratios of 6:4 and 6.5:3.5 with a terpineol-based ink 
vehicle using magnetic stirring. These cathode pastes were 
then coated on both sides of the GDC electrolyte pellets 
using the screen printing method and sintered at 1050 °C 
and 1100 °C for 2 h.

The prepared symmetrical cells were subjected to testing 
at temperatures ranging from 650 to 800 °C with intervals 
of 50 °C. For the alternating current (AC) impedance meas-
urements, air was supplied at a rate of 300 standard cubic 
centimeters per minute (sccm) (SI 1260, SI 1287, Solartron, 
UK). A four-probe method was used to minimize the effects 
of ohmic resistance caused by current-collecting wires. The 
measured frequency range was from 0.05 to  106 Hz, and an 
applied voltage amplitude of 20 mV was used during the 
experiments.

2.3  Fabrication and Electrochemical Performance 
Test on Single Cells

To fabricate single cells with a 10Sc0.5Gd0.5CeSZ electro-
lyte, a cost-effective manufacturing technique for SOFCs 
known as the sequential 3-layer co-tape casting technique 
was established. The process consists of four main steps, 
as illustrated in Fig. 1: ink preparation, de-airing, coating 
& drying, and heat treatment. The composition of the tape 
cast slurries used for the electrolyte, anode functional layer 
(AFL), and anode support can be found in Table 1. First, 
10Sc0.5Gd0.5CeSZ tapes were fabricated by the tape casting 

Fig. 1  Single cell fabrication 
process using a sequential 
3-layer co-tape casting tech-
nique
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technique. Ink formulation such as powder loading, binder 
and plasticity ratio for 10Sc0.5Gd0.5CeSZ was determined 
as the same formulation with ScSZ because the measured 
BET surface area of 10Sc0.5Gd0.5CeSZ and ScSZ were on 
a similar level. Subsequently, AFL and anode support tapes 
were cast over the prepared electrolyte. These 3-layer tapes, 
comprising the anode support, AFL, and electrolyte, were 
then cut into coin-sized pieces with a diameter of 2.5 cm, 
and co-sintered at a temperature of 1250 °C for 4 h. Densi-
fication of 10Sc0.5Gd0.5CeSZ electrolyte was successfully 
conducted with the shrinkage of underlying anode support 
and AFL. The detailed procedures for the 3-layer co-tape 
casting can be found in a previous study [34]. For the coating 
of buffer layer, GYBC buffer layer coating paste was pre-
pared by mixing with terpineol ink vehicle, and it was coated 
on the electrolyte by spin coating method with a 4,000 rpm 
under the pre-set standard conditions. The GYBC buffer 
layer was sintered at a temperature of 1,200 °C for 2 h. For 
the cathode, a paste consisting of LSCF-GDC (in a 6.5:3.5 
weight ratio) was prepared, coated on the buffer layer, and 
sintered at 1050 °C for 2 h.

The fabricated single cell was evaluated at an operating 
temperature of 750 °C, utilizing 200 sccm of humidified 
hydrogen and 300 sccm of air as the gas supply. For the cur-
rent collection on both sides of the cell, Pt current collect-
ing paste, mesh, and wires were utilized. A current–voltage 
(I-V) curve was generated to assess the current and voltage 
characteristics of the cell and AC impedance measurements 
were performed (SI 1260, SI1287, Solartron, UK). The 
four-probe method was used for these electrochemical tests. 
Furthermore, the durability of the single cell was tested for 
approximately 500 h through galvanostatic operation at a 
current density of 1 A/cm2.

3  Results and Discussion

3.1  Materials Properties of 10Sc0.5Gd0.5CeSZ 
and GYBC

Figure 2 shows the XRD peaks of 10Sc0.5Gd0.5CeSZ and 
GYBC. Previous reports on the XRD peaks of these materi-
als are scarce [26, 44], but they can also be compared with 
those of ScSZ and GDC. 10Sc0.5Gd0.5CeSZ is a material 
in which small amounts of Gd and Ce are doped into ScSZ, 
while GYBC is a material with small amounts of Yb and 
Bi doped into GDC. The XRD analysis revealed that there 
were no distinct Gd, Ce, Yb, and Bi peaks in both materials, 
indicating the successful incorporation of dopants into the 
crystalline structure, forming single crystalline phases. How-
ever, it is possible that undoped peaks were not observed due 
to the limited amount of dopants present.Ta
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To further investigate the lattice parameters, Rietveld 
refinement was conducted for both materials, and the results 
are listed in Table 2. 10Sc0.5Gd0.5CeSZ exhibited a cubic 
structure with a space group of Fm3m , which is the same 
as ScSZ. The lattice parameter of 10Sc0.5Gd0.5CeSZ was 
5.0919 Å, slightly larger than the lattice parameter of ScSZ 
at 5.0910  Å [45]. The additional dopants,  Gd3+,  Ce3+, 
and  Ce4+ cations, have larger radii (1.05 Å, 1.14 Å, and 
0.97 Å, respectively) compared to  Sc3+ and  Zr4+ with radii 
of 0.75 Å and 0.74 Å [46–49]. The presence of these larger 
dopants in 10Sc0.5Gd0.5CeSZ could account for the slightly 
increased lattice parameters compared to ScSZ. Similarly, 
GYBC also exhibited a cubic structure with a space group of 
Fm3m , matching GDC. The lattice parameter of GYBC was 
5.4233 Å, slightly larger than that of GDC at 5.4177 Å [50, 
51]. This difference could be attributed to the larger sizes of 
the  Yb3+ and  Bi3+ cations (with radii of 0.96 Å and 1.17 Å, 
respectively) compared to  Gd3+,  Ce3+, and  Ce4+ cations [43]. 
It is evident from the analysis that 10Sc0.5Gd0.5CeSZ offers 
improved structural stability and durability, while GYBC 
achieves lower sintering temperatures and higher ionic con-
ductivity through the doping of Gd and Ce, as well as Yb 
and Bi, respectively, with only slight increases in the lattice 
parameters.

Figure 3 presents TEM images of 10Sc0.5Gd0.5CeSZ 
and GYBC powders, revealing that 10Sc0.5Gd0.5CeSZ 

exhibited larger particle sizes compared to GYBC. Further 
analysis of particle sizes was performed using TEM images, 
as shown in Fig. 4, resulting in average particle sizes of 
68.7 ± 12.8 nm for 10Sc0.5Gd0.5CeSZ and 47.3 ± 10.7 nm 
for GYBC. The d-spacing values, obtained from TEM 
images and FFT, indicated that both materials exhibited 
d-spacing values of 2.94 Å and 3.14 Å corresponding to 
(111) planes. Additionally, the BET surface areas and cor-
responding particle sizes of 10Sc0.5Gd0.5CeSZ and GYBC 
were evaluated, as shown in Table 3. The BET surface areas 
were determined to be 9.7271  m2/g for 10Sc0.5Gd0.5CeSZ 
and 10.5517  m2/g for GYBC, which corresponded to the 
particle sizes of 104.726 nm and 78.9762 nm, respectively. It 
is worth noting that the calculated particle sizes were larger 
than those obtained from the TEM image analysis. This dis-
crepancy could be attributed to the assumptions made in the 
calculation method, namely the assumptions of no particle 
agglomeration and particles being perfectly spherical.

3.2  Electrochemical Characterization of LSCF‑GDC 
Electrodes

LSCF is a widely used cathode material due to its mixed 
ionic and electronic conductor (MIEC) properties, offer-
ing high ionic conductivity and excellent electrochemical 
activity [52–56]. To further increase the electrochemical 
performance when using LSCF as cathode, LSCF-GDC 
composite materials are widely used instead of pure LSCF 
cathode [57]. By using LSCF-GDC composite cathode, 
ionic conductivity of the cathode can be more increased, 
resulting in more reaction sites. For this reason, LSCF-
GDC was chosen as the cathode material to investigate 
the performance of 10Sc0.5Gd0.5CeSZ and GYBC at the 
single-cell level. The structural and electrochemical prop-
erties were characterized based on various LSCF:GDC 
ratios and sintering temperatures. However, because the 

Fig. 2  XRD peaks of a 10Sc0.5Gd0.5CeSZ and b GYBC

Table 2  Crystallographic data for 10Sc0.5Gd0.5CeSZ and GYBC 
obtained by Rietveld refinement

Powder 10Sc0.5Gd0.5CeSZ GYBC

Crystal system Cubic Cubic
Space group Fm3m Fm3m

Lattice parameter (Å) 5.0919 5.4233
Volume (Å)3 132.0163 159.5028
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main focus of this study is the feasibility evaluation of 
10Sc0.5Gd0.5CeSZ and GYBC electrolyte and buffer layer 
materials, detailed results can be found in the supplemen-
tary material.

Fig. 3  TEM images of a, b 10Sc0.5Gd0.5CeSZ and d, e GYBC, and FFT of (c) 10Sc0.5Gd0.5CeSZ and f GYBC

Fig. 4  Particle size distribution of a 10Sc0.5Gd0.5CeSZ and b GYBC

Table 3  BET surface areas of 10Sc0.5Gd0.5CeSZ and GYBC

Materials 10Sc0.5Gd0.5CeSZ GYBC

BET surface areas  (m2/g) 9.7271 10.5517
Particle size calculated from 

BET (nm)
104.726 78.9762
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3.3  Electrochemical Performance 
of Ni‑YSZ/10Sc0.5Gd0.5CeSZ/GYBC/LSCF‑GDC 
Single Cell

A single cell comprising Ni-YSZ/10Sc0.5Gd0.5CeSZ/
GYBC/LSCF-GDC was successfully fabricated using the 
sequential 3-layer co-tape casting technique. Figure 5(a) 
illustrates the cross-sectional view of the fabricated single 
cell. A porous anode support layer of approximately 300 μm, 
consisting of NiO-YSZ, was formed, with a porosity of 11.5 
vol%, consistent with a previous study [34]. A denser AFL 
layer of 23.5 μm, also composed of NiO-YSZ, was observed 
on the anode support layer. The AFL was intentionally made 
dense by excluding pore formers, such as carbon black used 
in the anode support layer, resulting in the formation of 
micro-pores necessary for gas diffusion during the reduc-
tion of NiO to Ni, which reduces the NiO volume by 40 vol% 
[58, 59]. A dense electrolyte layer of 10Sc0.5Gd0.5CeSZ, 
with a thickness of 11 μm, was achieved during the co-sin-
tering process of the anode support, AFL, and electrolyte 
tapes. This successful formation of a dense electrolyte is 

noteworthy, as it is often challenging to achieve dense elec-
trolyte layers due to constrained sintering conditions [60, 
61]. However, during the co-sintering process of the 3-layer 
tapes, all the layers of anode support, AFL, and electrolyte 
sintered and shrank together, resulting in completely dense 
electrolyte layers without constrained sintering issues. Addi-
tionally, a 2 μm thick GYBC buffer layer was successfully 
formed on the pre-sintered 10Sc0.5Gd0.5CeSZ electrolyte 
at a low sintering temperature of 1200 °C, made possible by 
the doping of Bi into the doped ceria. Finally, an 11.5 μm 
thick LSCF-GDC (6.5:3.5) cathode was formed on the 
GYBC buffer layer at 1050 °C without any delamination 
issues.

Figure 5(b) displays the I–V curve of the single cell at an 
operating temperature of 750 °C, achieving an open circuit 
voltage (OCV) exceeding 1.0 V, as expected from the pres-
ence of a dense electrolyte observed in the SEM image. The 
maximum power density of the cell reached approximately 
0.73 W/cm2. For EIS analysis, a Nyquist plot was obtained 
as shown in Fig. 5(c). An ohmic resistance of 0.17 Ωcm2 was 
observed, attributed to the electrolyte resistance during ionic 
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(b)                                     (c)
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Fig. 5  a Cross-sectional SEM image, b current–voltage curve, and c electrochemical impedance spectrum of the single cell composed of Ni-
YSZ/10Sc0.5Gd0.5CeSZ/GYBC/LSCF-GDC (6.5:3.5)
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conduction. The impedance spectrum displayed two semi-
circles with peak frequencies at 1000 Hz and 25 Hz, each 
representing anode and cathode polarization resistances, 
respectively. The total polarization resistance caused by the 
anode and cathode was 0.21 Ωcm2.

3.4  Durability of Ni‑YSZ/10Sc0.5Gd0.5CeSZ/GYBC/
LSCF‑GDC Button Cells

To ensure the commercial viability of electrolyte and buffer 
layer materials for SOFCs, assessing their long-term dura-
bility is crucial. Electrolyte materials must possess robust 
crystalline structural stability and high ionic conductivity, 
while buffer layer materials require high structural stability, 
high ionic conductivity, and non-reactivity with cathode and 
electrolyte materials. In this study, the long-term durability 
of a single cell consisting of 10Sc0.5Gd0.5CeSZ electrolyte 
and GYBC buffer layer was tested, as shown in Fig. 6.

The single cell exhibited successful operation for 500 h 
without experiencing any degradation issues. During the 
initial phase, the operating voltage of the cell gradually 
increased, leading to higher power density. Then, the oper-
ating voltage became constant from 100 h of operation. 
Several factors could contribute to this increase. The gal-
vanostatic operation during the initial phase could improve 
the current flowing path of the LSCF-GDC cathode through 
conditioning (or activation) [62, 63]. Additionally, the use of 
a small amount of Pt paste for current collection between the 
cathode and current mesh might have slightly enhanced the 
electrochemical performance of the LSCF-GDC cathode by 
depositing Pt particles at its active sites [64]. Subsequently, 
the operating voltage stabilized and remained constant from 
100 h of operation. This steady voltage performance can be 
attributed to the 1. excellent structural stability and dura-
bility of the 10Sc0.5Gd0.5CeSZ electrolyte, along with 2. 
minimized degradation of LSCF-GDC through the insertion 
of the dense GYBC buffer layer.

The overall durability of the single cell comprising 
10Sc0.5Gd0.5CeSZ and GYBC was found to surpass 
previously reported single cells using conventional ScSZ 

electrolyte and GDC buffer layer [22, 26, 65, 66]. This result 
validates the feasibility of utilizing 10Sc0.5Gd0.5CeSZ 
and GYBC as SOFC electrolyte and buffer layer materials, 
respectively, with excellent long-term durability. Nonethe-
less, further studies should investigate more detailed changes 
in material properties, microstructures, crystallinities, and 
interfaces during extended operation to gain a comprehen-
sive understanding of the behavior of the materials.

3.5  Implications and Limitations

In this study, electrolyte and buffer layer materials of 
10Sc0.5Gd0.5CeSZ and GYBC were evaluated to be used 
for SOFCs. As a result, basic materials properties were suc-
cessfully characterized in terms of crystalline structures by 
XRD peaks, lattice parameters by Rietveld refinement, BET 
surface areas, and powder morphologies by TEM images. 
Also, processabilities were evaluated using 3-layer co-tape 
casting and spin coating technique with dense electrolyte and 
no defects, then feasibility of the materials was evaluated on 
a single cell level with OCV of > 1 V, high electrochemical 
performance of 0.73 W/cm2 and ohmic resistance of 0.17 
Ωcm2 by EIS, and durability for 500 h. It is believed that 
this research is meaningful in terms of proposing new elec-
trolyte materials for SOFCs by doping. However, because it 
is an early stage work on the new materials, there are some 
limitations in this work.

First, more detailed electrochemical analyses have to be 
conducted to evaluate the electrolyte and buffer layer materi-
als of 10Sc0.5Gd0.5CeSZ and GYBC. The properties and 
performances of the electrolyte and buffer layer materials 
can be different depending on the sintering, measurement 
temperature, and interaction between electrolyte, buffer 
layer, and cathode. Therefore, more detailed analyses such 
as impedance analysis, DRT, bode plot discussion, and com-
parison between cells with different configuration, e.g. sin-
gle cells with and without buffer layer, have to conducted.

Second, the increase of cell voltage during the first 100 h 
in the long-term stability test have to be further evaluated. 
As discussed in the previous session, Pt deposition from the 
current collection mesh to cathode material could improve 
the performance of the cathode [64]. It is a still very inter-
esting phenomenon and it have to be further explored by 
experiments and post-mortem analysis only for investigating 
the phenomenon. Then, the activation of LSCF-GDC by Pt 
deposition can be verified.

Third, to demonstrate the feasibility of the electrolyte lay-
ers more effectively, it is necessary to compare the charac-
teristics and performance of 10Sc0.5Gd0.5CeSZ and GYBC 
with other electrolyte materials. Then, the possible reasons 
of the difference have to be further studied. However, as an 
early stage research, this study only showed the possibility 
of 10Sc0.5Gd0.5CeSZ and GYBC materials as electrolyte 

Fig. 6  Galvanostatic long-term durability result of a single cell com-
posed of Ni-YSZ/10Sc0.5Gd0.5CeSZ/GYBC/LSCF-GDC (6.5:3.5)
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and buffer layer materials. In addition, interaction between 
electrolyte materials of 10Sc0.5Gd0.5CeSZ, GYBC, and 
cathode materials such as pure LSCF, LSCF-GDC compos-
ite material have to investigated to evaluate the total com-
patibility of 10Sc0.5Gd0.5CeSZ and GYBC under the more 
systematically designed experiments.

4  Conclusion

In this study, we investigated the potential of 
10Sc0.5Gd0.5CeSZ and GYBC as electrolyte and buffer 
layer materials for SOFCs at the single-cell level, which 
had not been previously reported. The XRD analysis con-
firmed that 10Sc0.5Gd0.5CeSZ and GYBC exhibited single 
crystalline phases, indicating the successful doping of Gd, 
Ce, Yb, and Bi into the crystalline structures of ScSZ and 
GDC. The slight increase in lattice parameters observed 
in 10Sc0.5Gd0.5CeSZ and GYBC was attributed to the 
small amounts of dopants. The average particle sizes of 
10Sc0.5Gd0.5CeSZ and GYBC were found to be 68.7 nm 
and 47.3 nm, respectively, with BET surface areas of 9.7271 
 m2/g and 10.5517  m2/g, respectively, which are suitable for 
SOFC applications. We further investigated the XRD, cross-
sectional SEM images, and EIS of LSCF-GDC cathodes at 
different sintering temperatures and weight ratios. As the 
sintering temperature increased from 1050 to 1100 °C, the 
electrode porosities and BET surface areas of LSCF-GDC 
decreased due to enhanced sintering. In the EIS analysis, it 
was observed that 6LSCF-4GDC exhibited lower ASR than 
6.5LSCF-3.5GDC at operating temperatures of 650 °C and 
700 °C. Conversely, 6.5LSCF-3.5GDC exhibited lower ASR 
than 6LSCF-4GDC at operating temperatures of 750 °C and 
800 °C. This can be attributed to the lower ionic conductiv-
ity of LSCF at lower temperatures. A single cell composed 
of Ni-YSZ/10Sc0.5Gd0.5CeSZ/GYBC/6.5LSCF-3.5GDC 
was successfully fabricated using the sequential 3-layer 
co-tape casting technique. The dense 10Sc0.5Gd0.5CeSZ 
electrolyte and GYBC buffer layer were formed through 
sintering at 1250 °C and 1200 °C, respectively. The single 
cell demonstrated an OCV exceeding 1.0 V and a power 
density of 0.73 W/cm2. Importantly, the single cell under-
went a 500-h durability test without any degradation issues, 
indicating that 10Sc0.5Gd0.5CeSZ electrolyte and GYBC 
buffer layer hold promise as candidate materials for SOFCs.
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