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electrochemical performance of
solid oxide fuel cells using a Ce(Gd, Bi, Yb)O2−d

diffusion barrier layer acting as an oxygen reservoir
at high-current loading conditions†

Hye Young Kim,ab Sang Won Lee, ac Seok Hee Lee,a Younki Lee,*b Ji Haeng Yu*d

and Tae Ho Shin *a

Gadolinium-doped ceria (GDC) is widely used as an effective diffusion barrier layer in solid oxide fuel cells

(SOFCs) to avoid the undesired reactions between the electrolyte (typically yttria-stabilized zirconia, YSZ)

and electrode materials due to impurity interdiffusion. In practice, these reactions cannot be sufficiently

suppressed, as the high sintering temperature of GDC hinders the formation of dense and thin barrier

layers. To address this problem, we herein investigated the ability of a ternary dopant system Ce(Gd, Bi,

Yb)O2−d (Gd0.135Yb0.015Bi0.02Ce0.83O2−d, GYBC) deposited as a novel diffusion barrier layer on YSZ to

enhance the SOFC performance. A dense and thin GYBC buffer layer was successfully fabricated by

ultrasonic spraying followed by low-temperature sintering at 1250 °C, and the corresponding unit cell

(Ni-YSZ/YSZ/GYBC/La0.4Sr0.6Co0.2Fe0.8O3−d (LSCF)-GDC/LSCF) delivered a high power density of 2.32 W

cm−2 at 800 °C. Furthermore, GYBC favored the cathodic oxygen reduction reaction (ORR) by

enhancing the oxygen supply capacity. As a result, the replacement of a commercial GDC layer by the

GYBC layer increased the oxygen reservoir activity at high current densities and thus enhanced the

electrochemical performance by 16%.
Introduction

Solid oxide fuel cells (SOFCs) are highly promising as a clean
energy source, offering high energy efficiency and low emis-
sions. While SOFC technology has recently made strides
towards commercialization for power generation, concerns
remain regarding durability and electrode stability, particularly
due to their high-temperature operating conditions.1–3 Conse-
quently, advanced materials and electrodes enable high SOFC
performance without compromising long-term stability.4–6 In
particular, the performance and degradation resistance of
SOFCs are strongly inuenced not only by the employed diffu-
sion barriers but also by the efficiency of air utilization at the
cathode,7–10 with decreases in this efficiency resulting in
cathode (and, hence, SOFC) performance and durability
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loss.10–12 To address these issues, doped ceria interlayers
between solid electrolytes and electrodes have become
a popular strategy for improving the stability and performance
of solid electrochemical cells (SOCs).12–15 In particular,
gadolinium-doped ceria (GDC) is widely used as a diffusion
barrier layer in SOFCs because of its high ionic conductivity and
impurity resistance. However, the high-temperature sintering of
GDC (above 1300 °C) can result in the migration of Gd3+ and
Ce4+ ions and thus induce the formation of quaternary
compounds and solid solutions to deteriorate SOFC stability
and performance.16–18 The resistance of a GDC interlayer + yttria-
stabilized zirconia (YSZ) electrolyte system was reported to
minimally increase with increasing GDC sintering temperature,
while the power density concomitantly decreased despite the
accompanying increase in GDC conductivity.19 Therefore, to
prevent secondary inter-diffusion reactions, the interlayer must
be sintered at lower temperatures.19–22 Optimizing sintering
conditions carefully is important to maintain a balance between
preventing interdiffusion and enhancing material properties.
Binary doping of ceria is an attractive method for tuning its
properties by providing sufficient oxygen-ion diffusion path-
ways via oxygen vacancy formation, facilitating oxygen-ion
hopping and increasing ionic conductivity.23 Eressa et al. re-
ported that the Yb and Sm co-doping of ceria increases its
electrical conductivity by promoting oxygen-ion transfer in the
This journal is © The Royal Society of Chemistry 2025
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lattice, as the ionic radius of Yb3+ exceeds that of Ce4+.24 Guan
et al. reported that Bi doping decreases the densication acti-
vation energy of GDC, i.e., promotes densication, because of
the low energy of Bi–O bonds.25 However, the ternary doping of
ceria has rarely been investigated as a means of fabricating thin
and dense diffusion barrier layers for SOCs. To bridge the above
gap, we herein prepared the ternary doping system of Ce(Gd, Bi,
Yb)O2−d (GYBC) and examined its ability to prevent interdiffu-
sion reactions between the cathode and the YSZ electrolyte
when used as a low-sintering-temperature diffusion barrier
layer on an YSZ electrolyte in high-performance SOFCs.26 GYBC
was found to exhibit a larger oxygen storage capacity (OSC) than
GDC, promote the oxygen reduction reaction, and increase the
overall cell performance27 at high current densities and cell
durability. The optimized ternary doped cerium oxide (GYBC)
buffer layer effectively responded to oxygen starvation condi-
tions by continuously supplying oxide ions. Thus, GYBC was
concluded to act as an efficient oxygen reservoir and diffusion
barrier layer, enabling the fabrication of high-performance
SOFCs.
Experimental
Preparation of slurry for ultrasonic spraying

Yttria (8 mol%)-stabilized zirconia (LTC, Republic of Korea),
Gd0.1Ce0.9O2−d (GDC 10, Fuel Cell Materials, USA), Gd0.2Ce0.8-
O2−d (GDC 20, Fuel Cell Materials, USA), Gd0.135Yb0.015Bi0.02-
Ce0.83O2−d (GYBC, Kceracell, Republic of Korea), NiO (Fuel Cell
Materials, USA), La0.4Sr0.6Co0.2Fe0.8O3−d (LSCF, Fuel Cell Mate-
rials, USA), and La0.8Sr0.2MnO3−d (LSM, Fuel Cell Materials,
USA) powders were used as electrode materials. The slurry for
ultrasonic spraying was fabricated using electrode material
powders, dispersant (BYK 2055, USA), binder (polyvinyl butyral,
PVB, Sigma-Aldrich), and solvents (ethanol and isopropanol).
Characterization

X-ray diffraction (XRD) analysis (D/MAX 2200V/PC, Rigaku,
Japan) was performed in the 2q range of 20–90° using Cu Ka

radiation, and the acquired data were subjected to Rietveld
renement using the GSAS II soware.28–30 For electrical
conductivity measurements, the samples were shaped into
rectangular bars measuring 3 cm × 3 cm × 10 cm. Platinum
wires and electrodes were fabricated by applying organic pastes
(TR-7907, Tanaka Kinkinzoku Kogyo K. K., Tokyo, Japan) and
ring at 900 °C to remove the organic components. Conduc-
tivity was measured according to a standard four-terminal
direct-current method using a custom jig and Keithley 2400
source meter. Measurements were conducted at every 50 °C
upon heating from 600 to 900 °C at 5 °C min−1. Powder
shrinkage behavior was characterized using a dilatometer (DIL
L76, Linseis, Germany) upon heating in air from 25 to 1500 °C at
10 °C min−1. Porosity was measured using the Archimedes
method for circular pellets sintered at 1250 °C for 2 h, and
cross-sectional morphology and elemental distribution analyses
were performed using eld-emission scanning electron
This journal is © The Royal Society of Chemistry 2025
microscopy (FE-SEM; JSM-7600F, JEOL, Japan) coupled with
energy-dispersive X-ray spectroscopy.

Quantitative elemental analysis of GYBC before and aer
sintering was conducted using ICP-OES (Optima 8300 DV, Per-
kinElmer, USA) analysis. Oxygen vacancies were characterized
by Raman spectroscopy (LabRAM ARAMIS, HORIBA, Japan)
using a 532 nm laser at room temperature in air. Thermogra-
vimetric analysis (Manufacturing Technology, Republic of
Korea) was performed at heating and cooling rates of 10 °
C min−1 to evaluate the oxygen loss and uptake following
a redox cycle in air/1% H2 at 800 °C. Temperature-programmed
oxidation (TPO; AUTOCHEM II 2920, Micromeritics, USA)
analysis was conducted to analyze oxygen absorption and
desorption.

Cell fabrication

Single cells of two types were prepared, namely electrolyte-
supported cells (ESCs) and anode-supported cells (ASCs). The
YSZ electrolyte (thickness z 150 mm) used in ESCs was
purchased from Thermotech. In the case of ESCs, the anode was
fabricated by ultrasonically spray-coating a mixture of NiO
(70 wt%) and doped ceria (30 wt%; GDC 10, GDC 20, or GYBC)
powders on the anode side of the YSZ electrolyte, and the
thickness of the deposited layer was controlled using a 10 mm
diameter disk. The doped ceria slurry was then coated as
a buffer layer on the cathode side of the YSZ electrolyte by
ultrasonic spraying and sintered at 1250 °C for 2 h. Subse-
quently, the cathode was fabricated by spray-coating a slurry
containing LSM and doped ceria (50 : 50, w/w) on the cathode
side, and LSM was sprayed on each face of the YSZ disk, which
was then red at 1100 °C for 2 h. For ASC fabrication, a NiO–YSZ
anode and YSZ electrolyte were prepared by tape casting (Sam-
sung Electronics). GDC 20 and GYBC buffer layers were formed
on the YSZ surface using ultrasonic spraying followed by sin-
tering at 1250 °C for 2 h. Subsequently, the buffer layer was
spray-coated by the cathode layer (LSCF : GDC 10= 50 : 50, w/w),
and the cell was sintered at 1050 °C for 2 h.

Cell performance testing

Cell performance was measured using four Pt metal lead lines
and two Pt meshes as commercial current collectors in
humidied 3% hydrogen and air supplied at a ow rate of 100
mL min−1. Current density–voltage curves were recorded at
temperatures of 700–900 °C. Impedance spectra (BioLogic,
VMP-300, France) were recorded at frequencies between 0.1 Hz
and 1 MHz using an amplitude of 10 mV and tted using the
ZView program to extract ohmic resistance (Rs) and polarization
resistance (Rp). The effects of the buffer layer were examined by
calculating the distribution of relaxation times (DRT) from
impedance data followed by complex nonlinear least squares
tting.

Results and discussion

The realization of high cathodic performance relies on the
efficient utilization of oxygen ions transported from the
J. Mater. Chem. A, 2025, 13, 3474–3483 | 3475
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Fig. 1 (a) Schematic of electrolyte-supported solid oxide fuel cells
with conventional (Gd-doped CeO2, less dense) and Ce(Gd, Yb, Bi)
O2−d (GYBC, more dense) buffer layers. (b) X-ray diffraction patterns of
GDC 10, GDC 20, and GYBC powders recorded at room temperature.
(c) Rietveld refinement results obtained for GYBC powder.
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electrolyte and typically involves SOC stability and performance
enhancement via buffer layer introduction. Fig. 1(a) illustrates
the structure of the GYBC buffer layer containing electrolyte-
supported SOFCs prepared herein. The XRD patterns of
conventional GDC 10 (Gd0.1Ce0.9O2−d) and GDC 20 (Gd0.2Ce0.8-
O2−d) structures are comparable to that of the new GYBC
(Gd0.135Yb0.015Bi0.02Ce0.83O2−d) structure. GDC 10, GDC 20, and
GYBC had the uorite structure without a secondary phase.

Thus, GYBC, a ternary doping system, successfully incorpo-
rated Gd3+ (1.07 Å), Yb3+ (0.98 Å), and Bi3+ (1.17 Å) into the CeO2

lattice to form a single-phase solid solution.31–34 The above XRD
patterns were subjected to Rietveld renement (Fig. 1(c) and
S1†) to establish the effects of doping on lattice parameters,
with the results presented in Table 1. GDC 10, GDC 20, and
GYBC had cubic structures with a space group of Fm�3m and
lattice parameters of 5.4203(3), 5.4252(3), and 5.4204(3) Å,
respectively. Despite the high dopant content of GYBC, its
lattice parameter was closer to that of GDC 10 than to that of
GDC 20. The lattice parameter of CeO2 is known to increase with
the increasing content of Gd3+ and decrease with the increasing
content of Yb3+.35

Therefore, the lattice parameter of GYBC did not show
signicant variation because of the compensating effects of
Gd3+ and Yb3+. The XRD patterns of mixed powders sintered at
Table 1 Rietveld refinement parameters obtained for GDC 10, GDC
20, and GYBC powders

GDC 10 GYBC GDC 20

Crystal structure Cubic Cubic Cubic
Space group Fm�3m Fm�3m Fm�3m
a = b = c (Å) 5.42(031) 5.42(036) 5.42(518)
Lattice volume (Å3) 159.248 159.252 159.677
Rwp 5.755 5.826 9.127
x2 4.50 4.38 7.22

3476 | J. Mater. Chem. A, 2025, 13, 3474–3483
1250 °C (Fig. S2†) show no secondary phases and impurities,
indicating that GYBC, GDC 10, and GDC 20 exhibited high
chemical stability. The conductivity of GYBC exceeded those of
GDC 10 and GDC 20 at all temperatures, particularly at high
temperatures (Fig. 2(a) and (b)), reaching 0.079 S cm−1 at 800 °
C, which is higher than the values of GDC 10 (0.049 S cm−1) and
GDC 20 (0.068 S cm−1). The conductivity value was similar to
that of GDC 10 (0.045 S cm−1) reported in the previous litera-
ture.36 The corresponding activation energies ranged from 0.7 to
0.9 eV and were similar to those previously reported for doped
ceria.36–38 In particular, the activation energy of GYBC (0.759 eV)
was lower than those of GDC 10 (0.768 eV) and GDC 20 (0.774
eV). This behavior suggested that the conduction mechanism of
GYBC resembled that of conventional GDC 10 and GDC 20.
Fig. 2(c) presents the thermogravimetric analysis (TGA) results
for GDC 10, GDC 20, and GYBC in ambient air, conducted to
quantify the oxygen vacancy formation. The mass changes
observed in the TGA curves allow estimation of the oxygen non-
stoichiometry (d) in each material.26 Notably, GYBC shows
signicantly higher weight loss at the nal temperature
compared to GDC 10 and GDC 20, indicating a more substantial
release of lattice oxygen. Additionally, the d versus time plot in
Fig. S4† illustrates that GYBC releases lattice oxygen both more
rapidly and in greater amounts than either GDC 10 or GDC 20.39

To investigate the sintering behavior and determine the sin-
tering temperature, the shrinkage of each powder pellet was
measured using a dilatometer, as shown in Fig. S3.† GDC 10,
GDC 20, and GYBC exhibited similar sintering behaviors,
featuring shrinkage onset temperatures of 1000, 900, and 900 °
C, respectively, with the lower value of GYBC ascribed to the
presence of Bi. In all cases, shrinkage was completed at ∼1200 °
C. Thus, sintering at 1250 °C for 2 h was considered appropriate
for all three materials (depending on sintering additives and the
type of dopant).20,40–42 The sinterability of GDC 10, GDC 20, and
GYBC was investigated by FE-SEM imaging of cross-sections
and surfaces (Fig. 2(d)–(f) and S6†). In the case of GYBC
(Fig. 2(f) and S6(c)†), pronounced particle necking and no
notable pores were observed aer sintering, whereas no such
necking (i.e., low sinterability) was observed for GDC 10 and
GDC 20 (Fig. 2(d) and (e), respectively). Additionally, pellet
porosity (Fig. S5†) decreased in the order of GDC 10 (12.7%) >
GDC 20 (7.2%) > GYBC (0.31%). These results suggested that the
introduction of Bi reduced the sintering temperature.43

Thus, the redesigned GYBC could be used as a buffer layer
with a dense structure, suppressing the formation of secondary
phases. However, Bi is known to be a highly volatile material;
quantitative analysis by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was performed to determine
the Bi content of sintered GYBC (Fig. S7†). Sintering had no
notable effect on the contents of Gd and Yb but decreased the Bi
content from 0.024 to 0.014 mol%. We concluded that some of
the Bi was volatilized and facilitated sintering, while the
remaining Bi contributed to the increased conductivity of
GYBC. Electrochemical analysis was conducted on electrolyte-
supported cells (ESCs) with LSM electrodes and GDC 10, GDC
20, and GYBC buffer layers. The unit cell conguration and
microstructure of the GYBC-based ESC are illustrated in
This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) Conductivity–temperature and (b) corresponding Arrhenius plots for GDC 10, GDC 20, and GYBC. (c) TG curves for GDC 10, GDC 20,
and GYBC. Cross-sectional field-emission scanning electron microscopy (FE-SEM) images of (d) GDC 10, (e) GDC 20, and (f) GYBC pellets
sintered at 1250 °C.
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Fig. 3(a) and (b), respectively. The GYBC buffer layer, with
approximately 2–3 mm thickness, exhibited a well-integrated
network structure with the electrolyte and electrode layers. As
shown in Fig. S9,† GDC 10 demonstrated signicantly greater
necking formation compared to GDC 20. Fig. 3(c) and (d)
present the performance comparison of GDC 10, GDC 20, and
GYBC cells at 800 °C. The maximum power density decreased in
the order of GYBC (0.268 W cm−2) > GDC 10 (0.230 W cm−2) >
GDC 20 (0.163 W cm−2). To delve deeper into the inuence of
the buffer layer on the electrode process, impedance spectra
were recorded at 800 °C (Fig. 3(e)). While the high-frequency
resistances (Rs) of the three cells were comparable, the polari-
zation resistances (Rp) exhibited signicant differences,
increasing in the order of GYBC (1.19 U cm2) < GDC 10 (1.75 U

cm2) < GDC 20 (2.29 U cm2). The improved performance of the
GYBC cell, particularly evident at lower temperatures (Fig. S8†),
can be attributed to its reduced polarization resistance. Fig. 3(f)
presents the Arrhenius plots used to determine the activation
energies of Rs and Rp for cells utilizing GDC 10, GDC 20, and
GYBC as electrode and interlayer materials. The Rs activation
energy of the GYBC cell (0.80 eV) was lower than those of the
GDC 10 (0.83 eV) and GDC 20 (0.89 eV) cells, suggesting an
enhanced kinetics of the oxygen exchange reaction at the
cathode interface. Furthermore, these results indicated that
conductivity contributed to the Rs activation energy (Fig. 2(a)).
The Rp activation energy of the GYBC cell (1.26 eV) was lower
than those of the GDC 10 (1.35 eV) and GDC 20 (1.34 eV) cells,
suggesting the high performance of GYBC in the anode/
electrolyte interface as well. To understand the origin of this
enhanced electrochemical performance, we investigated the
formation of oxygen vacancies by Raman spectroscopy (Fig. 4).
The survey spectra of GDC 10, GDC 20, and GYBC (Fig. 4(a))
featured a dominant peak of the symmetric stretching of the
Ce–O8 crystal unit (uorite structure) at 464.4 cm−1 and weaker
peaks in the oxygen vacancy range (500–700 cm−1).44–46 The
This journal is © The Royal Society of Chemistry 2025
main peak positions were similar for all three samples, but the
main peak widths varied. GDC 20 exhibited a broader peak,
indicating a higher degree of lattice disorder and defect
content, compared to GDC 10 and GYBC, which had similar
peak widths.46,47 In addition, the full width at half maximum of
this peak was proportional to the dopant amount, which indi-
cated that doping resulted in Ce–O bond breakage. This result
conrmed that GYBC contained elements with large ionic radii
(Gd3+: 1.07 Å, Yb3+: 0.98 Å, and Bi3+: 1.17 Å) Ce4+ (0.97 Å) and
featured a dopant content higher than that of GDC 10 and lower
than that of GDC 20. The oxygen vacancy peaks were deconvo-
luted into those of extrinsic (550 cm−1) and intrinsic (600 cm−1)
vacancies (Fig. 4(b)). The formation of extrinsic vacancies was
ascribed to the substitution of a tetravalent ion (Ce4+) by
a trivalent one (Gd3+, Bi3+, or Yb3+) and the resulting charge
compensation.48–50 The substitution reactions can be described
using the Kröger–Vink notation:

M2O3 �!CeO2
2M

0
Ce þ 3O�

o þ V
��

o :

For further analysis, extrinsic and intrinsic defects were
separated into D1 (550 cm−1) and D2 (600 cm−1) peaks. The
amount of defects in the three samples was estimated by
calculating the ratio of the D1 or D2 peak intensity to the F2g
band intensity; these parameters, called D1/F2g and D2/F2g,
respectively, are summarized in Table 2.44 The results showed
that the amount of extrinsic oxygen vacancies induced by
trivalent element doping followed the order of GDC 20 > GYBC >
GDC 10. Among them, GYBC showed higher intrinsic oxygen
vacancies than GDC 10 and GDC 20. The formation of intrinsic
oxygen vacancies is attributed to the reduction of Ce4+ to Ce3+.51

The total oxygen vacancy concentration decreased in the order
of GDC 20 > GYBC > GDC 10. The enhanced properties of GYBC
are expected to facilitate oxygen ion migration even under
J. Mater. Chem. A, 2025, 13, 3474–3483 | 3477
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Fig. 3 (a) Schematic of the employed electrolyte-supported cells (ESCs), (b) microstructure of the GYBC ESC, (c) current density–power
density–voltage curves of GDC 10, GDC 20, and GYBC ESCs recorded at 800 °C, (d) maximum power densities of GDC 10, GDC 20, and GYBC
ESCs obtained at 800 °C, (e) Nyquist plots of GDC 10, GDC 20, and GYBC ESCs recorded at 800 °C, and (f) Arrhenius plots of Rs and Rp for GDC
10, GDC 20, and GYBC ESCs.

Fig. 4 Raman spectra of GDC 10, GDC 20 and GYBC. (a) Full-range
spectra and (b) oxygen vacancy peaks deconvoluted into signals of
intrinsic (blue) and extrinsic (red) vacancies.

Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

11
:5

5:
36

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
oxygen-decient conditions. These properties help to improve
the electrical conductivity and electrochemical performance.

To evaluate the characteristics of GYBC in an oxygen atmo-
sphere, we measured its OSC, TPO, and oxygen transfer number
and compared them with those of GDC 10 and GDC 20. GYBC
showed a greater weight change during the redox cycle
compared to GDC 10 and GDC 20 (Fig. 5(a)). The average oxygen
Table 2 Raman parameters calculated for GDC 10, GDC 20, and
GYBC

D1/F2g D2/F2g D/F2g

GDC 10 0.061 0.045 0.106
GYBC 0.143 0.096 0.238
GDC 20 0.110 0.097 0.207

3478 | J. Mater. Chem. A, 2025, 13, 3474–3483
storage capacity (OSC) followed the order of GDC 10 (70.4 mmol
O2 per g) < GDC 20 (73.7 mmol O2 per g) < GYBC (133.6 mmol O2

per g), with GYBC exhibiting the highest value (Fig. 5(b)). This
result is associated with the doped elements in GYBC. In the
case of Yb, which has an atomic radius similar to that of Ce, the
binding energies of Yb–O and Ce–O are comparable. However,
for Gd, the Gd–O binding energy is signicantly higher than
that of Ce–O.52 Furthermore, Bi, which has a larger atomic
radius than Ce4+, has been reported in several studies to form
a weaker Bi–O bond compared to the Ce–O bond.25 These
weaker bonds may contribute to the increased OSC observed in
GYBC. The high OSC of these GYBC compounds is expected to
improve their performance as buffer layers or electrode mate-
rials. Fig. 5(c) presents the results of O2-TPD measurements,53

revealing that oxygen desorption peaks were observed for all
samples. The low-temperature peaks (<400 °C) were ascribed to
oxygen desorption from the catalyst surface. In particular, the
desorption peaks around 300 °C were ascribed to the desorption
of surface active oxygen species, e.g., O2−, O−, and O2.53–56 The
low-temperature peak was most intense for GYBC, in which case
it was observed at 311 °C, whereas the most intense peaks of
GDC 10 and GDC 20 were observed at 330 and 317 °C, respec-
tively. Thus, the oxidation temperature decreased with
increasing dopant and oxygen vacancy contents. GYBC also
showed good Ox adsorption ability due to the interaction
between Bi and Ce,34 thus featuring an oxidation temperature
lower and an oxygen desorption peak stronger than those of
GDC 10 and GDC 20. Hence, GYBC was assumed to be more
sensitive to the reaction with oxygen on the surface than GDC 10
and GDC 20.

This improved sensitivity was expected to correlate with the
OSC data in Fig. 5(b). Oxygen transfer numbers were calculated
in the temperature range of 600–900 °C using open-circuit
This journal is © The Royal Society of Chemistry 2025
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Fig. 5 (a) Oxygen storage/release curves, (b) oxygen storage capacities, (c) O2 temperature-programmed desorption curves, and (d) oxygen
transfer numbers of GDC 10, GDC 20, and GYBC.
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voltage (OCV) measurements between air (cathode) and oxygen
(anode) (Fig. 5(d)). GDC 10, GDC 20, and GYBC pellets were
sintered to full density at 1500 °C. The measured values were
Fig. 6 (a) Current density–power density–voltage curves of GDC 20 an
plots of GDC 20 and GYBC ASCs recorded at 800 °C, (c) polarization re
current densities and 700 °C, and (d) Nyquist plots of GDC 20 and GYBC

This journal is © The Royal Society of Chemistry 2025
comparable to those of GDC 20 reported in previous studies.57

At all temperatures, GYBC exhibited higher oxygen transfer
numbers (and thus superior oxygen ion transport efficiency)
d GYBC anode-supported cells (ASCs) recorded at 800 °C, (b) Nyquist
sistances of GDC 20 and GYBC ASCs determined at different applied
ASCs recorded at different applied current densities and 700 °C.
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than GDC 10 and GDC 20. These results indicate that GYBC not
only shows high sensitivity to oxygen ions but also has
enhanced capacity for oxygen storage/release and facilitates
oxygen ion transport. This high oxygen transfer number
suggests that GYBC is not only suitable as a buffer layer for
future SOC applications but is also a promising electrode
material. Our results demonstrated that an optimized GYBC
buffer layer maintained high electrochemical performance and
acted as a suitable oxygen source during high-current-density
operation to achieve enhanced cell (especially ASC) perfor-
mance. Fig. 6 presents the electrochemical performances of
GDC 20 and GYBC ASCs. Owing to the high ionic conductivity
and OSC of GYBC, the corresponding cell delivered a power
density of 2.32W cm−2 at 800 °C, outperforming the GDC 20 cell
(2.14 W cm−2) (Fig. 6(a) and S10†). The outstanding oxygen
storage capacity (OSC) of GYBC appears to enhance the cell
performance by storing oxygen within the lattice and continu-
ously supplying oxygen ions to the electrolyte.58 However, under
the OCV conditions in the EIS analysis at 800 °C, the Rs values
were similar, while the Rp values for the GYBC and GDC 20 cells
were 0.35 and 0.37 U cm2, respectively, in contrast with the cell
performance (Fig. 6(b)). Therefore, electrochemical analysis was
concluded to be essential for understanding the inverse rela-
tionship between the performance and Rp of these two samples
during operation. Specically, there is a need to gain insight
into the real-time supply and ow of oxygen within a high
current range. Therefore, electrochemical analysis was per-
formed on the impedance spectra of the ASCs under applied
current. Fig. 6(c) shows that in both cases, Rp decreased with
increasing applied current density, indicating the concomitant
acceleration of oxygen and hydrogen evolution reactions due to
electrode activation.59,60 Moreover, starting from an applied
current density of 0.7 A cm−2, GYBC (0.17 U cm2) demonstrated
a lower Rp than GDC 20 (0.16 U cm2). This observation reects
the superior OSC of GYBC, indicating the signicant
Fig. 7 (a) Distribution of relaxation time (DRT) plots of the ASC with GDC
and GYBC determined at different applied current densities.

3480 | J. Mater. Chem. A, 2025, 13, 3474–3483
enhancement of the overall electrochemical reaction during
practical cell operation. As shown in Fig. 6(d), the Rp of both
cells markedly decreased with increasing current density, which
indicated the concomitant acceleration of the electrochemical
reaction involved in electrode activation. To investigate the
oxygen chemical capacitance of these interlayers under
different applied current conditions, DRT analysis was con-
ducted to identify the primary processes at the electrodes. We
further conducted DRT analysis for ASCs with different oxygen
storage layers at 700 °C and various applied current densities
(Fig. 7(a)),61,62 identifying four peaks, namely P1 (O2− transport
at the electrode/electrolyte interface), P2 (surface exchange of
O2), P3 (electrochemical reaction of H2 at the anode), and P4
(gas diffusion).63–65 Upon the application of current, a trend of
decreasing resistance was observed for P1 and P3 while
concomitantly disappearing for P2 and P4. However, for a clear
understanding of the OSC behavior, one must focus on the
characteristics of P1, which corresponds to the storage and
release of oxygen ions in the OSC layer. In general, DRT analysis
involves R-CPE parallel circuits (RQ elements) to identify
multistep electrode reactions. Accordingly, we estimated the
capacitance (Cct) associated with the charge transfer of oxygen
ions at the electrode/electrolyte interface as follows66–68

Cct ¼ 1

2pfmaxRct

where fmax is the frequency of the P1 maximum and Rct is the
charge-transfer resistance of oxygen ions (P1). As shown in
Fig. 7(b), the GYBC cell achieved a higher Cct than the GDC 20
cell at current densities above 0.4 A cm−2, which corresponds to
oxygen starvation conditions. Furthermore, the Cct of the GYBC
cell increased more rapidly than that of the GDC 20 cell in
response to the applied current. This difference is particularly
pronounced at current densities exceeding 1.2 A cm−2. These
results suggest that (1) GYBC exhibits high oxygen storage
20 and GYBC buffer layer applied bias, and (b) capacitances of GDC 20

This journal is © The Royal Society of Chemistry 2025
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Table 3 Summary of electrochemical performance in the current study and comparative literature

Materials @800 °C @750 °C

Ref.Anode Electrolyte Interlayer Cathode MPD (W cm−2) Rp (U cm2) MPD (W cm−2) Rp (U cm2)

Ni-YSZ YSZ (5 mm) GYBC (5 mm) LSCF-GDC/LSCF 2.32 0.374 1.83 0.463 This work
Ni-YSZ YSZ (5 mm) GDC 20 (5 mm) LSCF-GDC/LSCF 2.13 0.353 1.72 0.472 This work
Ni-YSZ YSZ (8 mm) GDC 10 (3 mm) LSCF (30 mm) 1.641 0.326 1.012 0.572 69
Ni-YSZ YSZ (8 mm) GDC 10 (3 mm) LSCF (30 mm) 1.122 0.279 0.713 0.677 69
Ni-YSZ YSZ (14 mm) GDC 10 (7 mm) LSCF-GDC (25 mm) 1.180 70
Ni-YSZ YSZ (8 mm) GDC 10 (1.4 mm) LSCF 1.34 0.13 1.03 71
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capability (OSC) under alternating current (ASC) conditions,
and (2) OSC plays a crucial role in enhancing the cell perfor-
mance under oxygen-decient conditions. The higher perfor-
mance of GYBC cells compared to that of GDC 20 cells is
Fig. 8 Cross-sectional FE-SEM images and elemental mappings of
ASCs with (a) GDC 20 buffer layer cell and (b) with GYBC buffer layers.

Fig. 9 (a) Schematic structures and (b) average oxygen storage capacitie
density–voltage curves and (d) Nyquist plots of the GYBC ASC record
maximum power densities of the GDC 20- and GYBC-based ASCs.

This journal is © The Royal Society of Chemistry 2025
attributed to their greater oxygen capacitance at high current
densities. This increased oxygen capacitance enables more
charge to be released at the cathode/electrolyte interface,
leading to faster reaction rates and providing a signicant
advantage for solid oxide fuel cell (SOFC) performance in
oxygen-decient environments. The comparison of MPD to
similar SOFC congurations with a ceria-based buffer layer
previously reported is summarized in Table 3. Thus, the opti-
mized GYBC buffer layer helped maintain high electrochemical
performance and acted as a reliable oxygen source during high-
current-density operation, particularly in the case of ASCs. Fig. 8
shows the cross-sectional microstructures and elemental
distributions of spent GDC 20 and GYBC ASCs. The GYBC buffer
layer (thickness = 5.0 mm) was thinner than the GDC 20 layer
(5.52 mm) because of the better sinterability of the former (the
originally deposited coating had the same thickness). Both
buffer layers were uniformly coated with the YSZ electrolyte. No
Sr segregation was observed in both cells, which suggested that
similar to GDC 20, GYBC acted as a buffer (albeit with lower
s of GDC10, GDC 20 and GYBC-based ASCs, (c) current density–power
ed at different temperatures, and (e) effects of temperature on the
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thickness) to prevent secondary phase formation. This research
focuses on the problem of performance degradation in SOFCs,
placing particular emphasis on suppressing secondary phase
formation, which occurs because of the reaction between the
electrolyte and cathode material and is a major cause of
performance degradation in SOFCs. This problem can be miti-
gated through the development of new buffer layer materials,
such as GYBC. Compared with the widely used GDC 10 and GDC
20, GYBC exhibited a denser structure at the same sintering
temperature and oxygen storage capability (Fig. 9(a) and (b)).
This structure played an important role in effectively sup-
pressing the formation of secondary phases while ensuring high
oxygen-ion storage/release performance. Therefore, GYBC holds
considerable promise as a buffer layer material. The electro-
chemical analysis results presented in Fig. 9(c) and (d) highlight
the performance of the ASC with a GYBC buffer layer, showing
that high OSCs were achieved at different temperatures, with
the maximum power densities at 850, 800, 750, and 700 °C
equaling 2.68, 2.32, 1.83, and 1.22 W cm−2, respectively. This
high performance was attributed to the effective oxygen trans-
port and storage capacity of GYBC, which also contributed to
the overall performance improvement by decreasing the elec-
trical resistance. Fig. 9(e) compares the performances of ASCs
with GDC 20 and GYBC buffer layers, revealing the superiority of
the latter cell. Thus, the GYBC buffer layer not only exhibited
good oxygen storage/release capabilities but also effectively
suppressed secondary phase formation, improving the overall
SOFC performance.

Conclusions

The uorite-structured GYBC was designed as an innovative
buffer layer for SOFCs: the material showed high conductivity
(7.89 × 10−2 S cm−1 at 800 °C) and oxygen transfer capacity in
an oxidizing atmosphere and good sinterability at relatively low
temperatures, which was attributed to Bi doping, which
increased the sinterability due to weak Bi–O bonds and high
conductivity values due to Yb doping. Oxygen ion mobility was
further investigated through OSC and O2-TPD analyses, which
demonstrated that the oxygen storage/release capacity and
oxygen sensitivity of GYBC were superior to those of GDC 10 and
GDC 20. Thus, GYBC outperformed GDC 10 and GDC 20 as
a buffer layer and electrode material for ESCs. To conrm the
OSC effect, we examined an ASC with a GYBC buffer layer (Ni-
YSZ/YSZ/GYBC/LSCF-GDC/LSCF), revealing that this layer
effectively prevented secondary phase formation and stabilized
the electrolyte interface, acting as an efficient oxygen source at
high current densities. The above ASC exhibited an enhanced
power density of 2.32 W cm−2 at 800 °C. Thus, the high oxygen
ion mobility and oxygen storage/release capability of GYBC
make it a promising high-density buffer layer and electrode
material for SOFCs.
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