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A B S T R A C T   

Lowering operating temperature and optimizing electrolyte thickness, while maintaining the same high effi-
ciencies are the main considerations in fabricating solid oxide fuel cells (SOFCs). In this study, the effect of 
yttrium-stabilized bismuth bilayer electrolyte thickness on the electrical performance was investigated. The 
yttrium-stabilized bismuth bilayer electrolyte was coated on the nickel–samarium-doped composite anode/ 
samarium-doped ceria electrolyte substrate with varying bilayer electrolyte thicknesses (1.5, 3.5, 5.5, and 7.5 
μm) via dip-coating technique. Electrochemical performance analysis revealed that the bilayer electrolyte with 
5.5 μm thickness exhibited high open circuit voltage, current and power densities of 1.068 V, 259.5 mA/cm2 and 
86 mW/cm2, respectively at 600 ◦C. Moreover, electrochemical impedance spectroscopy analysis also exhibited 
low total polarization resistance (4.64 Ωcm2) at 600 ◦C for the single SOFC with 5.5 μm thick yttrium-stabilized 
bismuth bilayer electrolyte. These findings confirm that the yttrium-stabilized bismuth bilayer electrolyte con-
tributes to oxygen reduction reaction and successfully blocks electronic conduction in Sm0.2Ce0.8O1.9 electrolyte 
materials. This study has successfully produced an Y0.25Bi0.75O1.5/Sm0.2Ce0.8O1.9 bilayer system with an 
extremely low total polarization resistance for low-temperature SOFCs.   

1. Introduction 

The solid oxide fuel cell (SOFC) is the most promising electro-
chemical conversion devices for producing electricity from 
environment-friendly energy sources [1]. SOFCs typically operate at 
high temperatures between 700 ◦C and 1000 ◦C to achieve high effi-
ciency [2]. However, high operating temperatures cause severe ther-
mo–mechanical–chemical instability among components and act as a 
main barrier for the wide-scale adoption of SOFCs technologies [3,4]. 
Most studies have focused on the development of intermediate-to 
low-temperature SOFCs operating at 500 ◦C-600 ◦C to expand the 
application of SOFCs [5,6]. Researchers have mainly focused on the 
development of new materials or adopted nanostructured architecture 

and cost-effective processes to achieve highly efficient SOFC technology 
operating at temperatures between 500 ◦C and 700 ◦C [7,8]. However, 
reducing the operating temperature can induce poor catalytic activity 
towards oxygen reduction reaction (ORR) rates at the cathode side and 
diminish ionic conductivity at the electrolyte, which affects the overall 
electrochemical performance of the SOFC cells [9–12]. The electro-
catalytic activity toward the ORR (O2 + 4H+ + 4e− →2H2O) requires 
four proton-electron transfers to improve its rate-determining proc-
ess/efficiency at the cathode side, especially at the reduced operating 
temperature [13,14]. Therefore, high catalytic activity towards ORR 
and ionic conductivity at the cathode and electrolyte sides are required 
to increase efficiency at a low-temperature operation, respectively [15]. 
Typically, lanthanum strontium manganite (LSM) or lanthanum 
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strontium cobalt ferrite perovskite, yttrium-stabilized zirconia (YSZ), 
and nickel/YSZ (Ni/YSZ) cermet are the most investigated cathode, 
electrolyte, and anode materials for high-temperature SOFCs 
(HT-SOFC), respectively [16]. 

A conventional YSZ electrolyte material possess high ionic conduc-
tivity of 0.1 S/cm at 1000 ◦C; however its high operating temperature 
limits its application and also raises the overall cost of the cell [17]. 
Several studies have been conducted to develop highly conductive solid 
electrolyte, among which, aliovalent-doped ceria (CeO2) and 
isovalent-cation-stabilized bismuth (Bi2O3) oxide are especially desir-
able due to their superior ionic conductivity at low temperatures [1]. For 
example, bismuth based electrolyte materials such as erbium stabilized 
bismuth (ESB) [18], yttrium stabilized bismuth (YSB) [19] and co-doped 
Dy–Gd stabilized bismuth and Dy–Ce stabilized bismuth oxide [20] have 
been considered promising solid electrolyte materials due to their high 
conductivity. All these dopants can stabilize bismuth oxide in cubic 
structures. Among these compositions, YSB exhibits higher ionic con-
ductivity and lower ohmic resistance at the intermediate and low tem-
peratures compared with zirconia-based electrolyte materials [21,22]. 
Despite high conductivity of YSB, it was not commonly used in SOFCs 
due to its low thermodynamic stability [23]. This is because Bi2O3 
electrolyte materials tend decompose to form metallic bismuth at the 
reducing environment (H2 and CH4) [24]. Therefore, YSB electrolyte 
cannot be used at the electrolyte facing the anode side. 

Samarium doped ceria (SDC) or gadolinium-doped ceria (GDC) 
electrolyte materials has received greater attention for the development 
of intermediate to low temperature SOFC due to its excellent ionic 
conductivity and phase stability at low-oxygen partial pressure (PO2) 
[25]. However, CeO2 electrolytes demonstrate mixed ionic-electronic 
conductive behaviour at low PO2 (<10− 14 atm), exhibiting significant 
n-type electronic conduction through the electrolyte [26]. In addition, 
the partial reduction of Ce4+ to Ce3+ contributes to the current leakage, 
further triggering electronic conduction (>600 ◦C), resulting in a sudden 
decline in open circuit voltage (OCV) and low mechanical strength at the 
reducing environment (anode side) [27,28]. These phenomenon de-
creases the ionic transference number of the SDC electrolyte; thereby 
reducing the efficiency of the SOFCs [24]. Therefore, to limit electrical 
conduction during the application of SOFCs, it is important to enhance 
the stability and electrolytic domain of these materials. Efforts have 
focused on blocking electronic conduction by coating a barrier layer on 
the doped ceria electrolyte side facing the fuel side or the anode side as a 
means to improve the OCVs and mechanical stability. 

The use of bilayer electrolytes is considered to be a simple but 
effective way of improving the thermodynamic stability of YSB and SDC 
electrolytes [29]. However, in several of these investigations, 
zirconia-based YSZ or scandia-stabilized zirconia (ScSZ) electrolyte 
materials have been used to protect these high conductive materials 
from decomposition by preventing exposure to reducing environment 
(anode side) [17,30,31]. This is because zirconia-based electrolytes have 
demonstrated excellent mechanical and chemical stability in the 
reducing environment and have also been commonly used as barrier 
layers for doped ceria electrolyte materials. Heidari et al. [32] reported 
that the performance of SDC electrolyte-based single SOFCs can be 
improved using YSZ bilayer electrolyte films and achieve higher OCVs at 
all operating temperatures. Other electronic current blocking materials 
were also investigated by researchers for ceria electrolyte [33]. In 
contrast, our bilayer consists of SDC on the anode side and YSB on the 
cathode side. This is because the YSB electrolyte layer on the cathode 
(air) side is expected to obstruct the electronic flow through the SDC 
layer due to its high transference number (ratio of ionic to total con-
ductivity) [23,34]. The use of SDC and YSB electrolyte materials 
together often has several benefits, i.e. the presence of SDC layer on the 
anode side prevents the YSB layer from decomposition in the reducing 
environment (fuel gases), while the presence of YSB layers blocks elec-
trical leakage through the SDC layer, resulting in high power density and 
enhanced mechanical stability [35]. A number of studies have 

demonstrated that OCVs close to 1.0 V can be achieved with cer-
ia/bismuth bilayer as electrolyte at the temperature range of 500–800 ◦C 
[36–39]. However, the relative thickness and transport properties of 
bilayers have a considerable effect on interfacial partial oxygen pres-
sure, which can lead to the electrochemical instability of bilayer elec-
trolyte SOFCs [24]. The decomposition of YSB bilayers can substantially 
decay the conductivity and increase the ohmic and area-specific resis-
tance of SOFC cells, further resulting in powder density degradation. 
Optimizing the thickness of the bilayer electrolyte layer is necessary to 
increase the stability of the SDC electrolytes [40,41]. Mio et al. [40] 
studied the effect of ESB bilayer thickness on fuel cell performance and 
found that power density can increase from 84 to 249 mW/cm2 when the 
bilayer electrolyte thickness is increased correspondingly from 13 to 20 
μm at 500 ◦C; their study concluded that thin electrolyte layers are 
highly susceptible to fuel gas erosion. 

Advanced deposition techniques based on ceramic powder process-
ing have been used to improve the chemical and physical properties of 
bilayer electrolyte layers on dense electrolyte substrates [32,42,43]. 
These methods are well established, but the investment costs for their 
respective apparatus is higher than that for dip coating [9]. Dip coating 
is simple, inexpensive and satisfactory method to fabricate thin to thick 
YSB electrolyte films on SDC electrolytes because the thickness can be 
easily controlled on the basis of the number of dip coatings [32,44]. In 
this work, we fabricated the YSB bilayer electrolyte via a simple dip 
coating process on the uniaxially pressed NiO–SDC/SDC substrate. The 
present study aims to determine the effect of bilayer thickness (1.5, 3.5, 
5.5, and 7.5 μm) on the interfacial polarization resistance and overall 
performance of bilayer electrolyte cells. An anode-supported single-cell 
SOFC, with SDC as the electrolyte, YSB as the bilayer electrolyte, 
Ag–YSB composite as the cathode, and NiO–SDC as the anode, was 
utilized for this purpose. 

2. Experimental procedure 

2.1. Powder synthesis and cell fabrication of anode-supported single 
SOFC 

Yttrium oxide (99.999 wt%, Sigma Aldrich Sdn. Bhd), and bismuth 
(III) oxide (99.999 wt%, Sigma Aldrich Sdn. Bhd) were mixed together 
in ethanol to prepare YSB bilayer electrolyte via high-speed ball-milling 
[44]. The SDC (Ce0.8Sm0.2O1.9) electrolyte powder was prepared via 
sol–gel method [45]. All of the reagents were purchased from Sigma 
Aldrich, Malaysia, with 99.8% purity. Stoichiometric amounts of Sm 
(NO3)3.6H2O and Ce(NO3)3.6H2O were dissolved together in deionized 
water and then citric acid (99.8%, Merck Chemicals, Germany) was 
slowly added to the mixture under continuous stirring. The molar ratio 
of the total metal ion:citric acid was 1:1.2. The solution mixture was 
stirred at 80 ◦C for 12 h to form a viscous gel. The gel was heated 
continuously to initiate combustion reaction and subsequently a pale 
yellow colored ash was obtained. The resulting ash was calcined at 
850 ◦C for 5 h to obtain the desired SDC powder. The NiO-SDC com-
posite anode powder was prepared by mixing nickel (II) oxide (99.8%, 
Sigma Aldrich, Malaysia) with 40 wt% SDC electrolyte powder via 
high-speed ball milling. Then, the mixed powders were calcined at 
1100 ◦C for 5 h to obtain the NiO–SDC composite anode powder. The 
slurry for the YSB bilayer electrolyte coating was prepared as follows. 
First, the YSB electrolyte powder was added to the ethanol (solvent) in a 
weight ratio of 1:2 and ball-milled for 24 h. Second, α-terpineol 
(dispersant), polyvinyl butyral (binder), and di-n-butyl phthalate 
(plasticizer) were added to the solvent mixture. Finally, the slurry was 
ball-milled for 24 h to prepare YSB bilayer electrolyte slurry. The weight 
ratio between dispersant: binder: plasticizer was 1:3:2. The Ag–YSB, as 
the cathode ink, was prepared by mixing silver (I) oxide (99.8 wt%, 
Sigma Aldrich Sdn. Bhd.) and YSB at the weight ratio of 1:1 [44]. 

The NiO–SDC anode and the SDC electrolyte powders were co- 
pressed to fabricate NiO-SDC/SDC substrate via a uniaxial pressing 
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machine. The as-prepared green pellet was co-sintered at 1400 ◦C for 5 h 
and used as substrate for depositing the YSB bilayer electrolyte. The 
NiO–SDC/SDC substrate was dip-coated with YSB slurry and then dried 
in air for 20 min. The dip-coating and drying were repeated until the 
desired thickness was achieved. The required dry YSB bilayer electrolyte 
thickness of ~7.5 μm was achieved after repeating the dip-coating cycle 
for 5 times. The thickness value ranged from 1 to 1.5 μm after each 
dipping cycle. The YSB bilayer electrolyte thickness was controlled by 
maintaining the surface uniformity of the substrate. Finally, the dip- 
coated YSB bilayer electrolyte film was sintered at 800 ◦C for 2 h. The 
effects of thickness on the microstructure and overall performance of the 
single SOFC was investigated by varying the YSB bilayer thickness from 
1.5 to 7.5 μm. The NiO–SDC anode and the SDC/YSB bilayer electrolyte 
were coated with the Ag–YSB cathode slurry by using the slurry painting 
method (SPM). The prepared Ag–YSB cathode slurry was deposited on 
the half-cell and sintered at 800 ◦C for 2 h. The completed anode- 
supported single SOFC with different thicknesses of the YSB bilayer 
electrolyte is presented in Fig. 1. 

2.2. Microstructure characterization and electrochemical test of the single 
SOFC 

The thermal decomposition behaviors of the synthesized powders of 
Ag-YSB, YSB, SDC and NiO-SDC were investigated by thermogravimetry 
(TG)/differential scanning calorimetry (DSC) (Model 851, Mettler) at 
the temperature range from 30 ◦C to 1200 ◦C with a heating rate of 5 ◦C/ 
min in air. X-ray diffraction (XRD) patterns were recorded at room 
temperature using an X-ray diffractometer (Shimadzu XRD-6000) with 
CuKα (λ = 1.5418 A◦) radiation and 2θ ranging from 20◦ to 80◦ to 
identify the crystalline phase of all the synthesized powders. The 
microstructure of the fabricated anode-supported single SOFC was 
observed using field emission scanning electron microscopy (FESEM, 
Zeiss Supra-55 V P, Germany). The elemental distribution of the fabri-
cated anode-supported single SOFC was determined through energy- 
dispersive X-ray spectroscopy (EDS). The effect of YSB electrolyte 
thickness on the electrochemical performance of the fabricated single 
SOFCs was tested using a solid oxide fuel cell testing machine (CHINO, 
Japan) from 500 ◦C to 600 ◦C using hydrogen (60 mL/min) and air (100 
mL/min) as the fuel and oxidant, respectively. The effective working 
area of the pellet was 0.8 cm2. The current (I)-voltage (V) and power 
density (P) curves were measured with a Multi-channel Potentiostat/ 
Galvanostat (Autolab AUT302 FRA). The electrochemical impedance 
spectra (EIS) were collected by a frequency response analyzer (FRA) 
(Autolab 302, Eco Chemie, Netherlands) under open circuit voltage 
condition over a frequency range of 106 Hz–0.1 Hz with a 10 mV 
amplitude to determine the effect of YSB bilayer thickness on the single 
SOFC performance. The ohmic résistance (R0) and total interfacial po-
larization resistance (RP) were determined from the impedance spectra. 

3. Results and discussion 

3.1. TGA/DSC analysis 

The TGA/DSC analysis was conducted to examine the thermal 
behaviour of all the synthesized powders of Ag-YSB, YSB, SDC and NiO- 
SDC between 30 ◦C and 1200 ◦C, as shown in Fig. 2. No significant 
weight loss from the synthesized powders of NiO-SDC composite anode, 
SDC electrolyte and YSB bilayer electrolyte powders were observed from 
the TGA curve. This can be attributed to the no use of any organic and 
polymeric agents during the synthesis process. However, the highest 
weight loss was observed for the Ag-YSB cathode powders. The TGA 
curve showed a ~7% weight loss between 330 ◦C and 1000 ◦C for the 
Ag-YSB cathode powder. In the same temperature range, the DTA curve 
showed an endothermic peak positioned at ~950 ◦C, which is associated 
to the melting and decomposition behaviour of Ag2O3 in the Ag-YSB 
composite cathode powder. However, this decomposition behaviour of 
Ag2O3 was not observed between the actual SOFC operating tempera-
ture range between 500 and 600 ◦C and exhibited only ~3% weight loss 
between this temperature. Thus, indicating an absence of decomposition 
or volatilization of Ag2O3 during the SOFC operation and sintering 
temperature. Two exothermic peaks were observed from the DTA curve 
at ~180 ◦C and ~340 ◦C for all the synthesized powders, indicating the 
occurrence of glass transition phase and crystallization, respectively. 
This crystallization peaks at ~340 ◦C confirms that the crystallization 

Fig. 1. Schematic configuration of NiO-SDC/SDC/YSB/Ag-YSB as a single SOFC.  

Fig. 2. TGA and DSC curve of NiO-SDC anode, SDC electrolyte, YSB bilayer 
electrolyte and Ag-YSB cathode powders. 
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occurs in the samples. These TGA and DTA data were used to determine 
the crystallization temperature for the synthesized powders. 

3.2. XRD analysis 

X-ray diffraction patterns were used to determine the phase forma-
tion and degree of crystallinity of all the synthesized powders, as shown 
in Fig. 3 (a)-(d). Table 1 shows the composition, phase structure, calci-
nation temperature and crystallite size of all the synthesized powders. 
The phase analysis data of NiO-SDC composite anode and SDC powders 
confirmed that no phase changes or any chemical reaction occurred 
between NiO and SDC during synthesis and calcination, as shown in 
Fig. 3(a–b). No additional or secondary peaks as impurities were 
observed for the prepared composite anode powders, thereby demon-
strating excellent chemical compatibility after mixing and calcination. 
The two main phase structures of single-crystalline cubic NiO and face- 
centered cubic fluorite SDC were identified. However, the crystallite size 
of the SDC electrolyte increased after mixing and calcination with NiO 
powder (Table 1). This is due to the higher calcination temperature used 
to prepare NiO-SDC composite anode powder (1100 ◦C/5 h). Fig. 3(c–d) 
show the XRD pattern of the YSB bilayer electrolyte and Ag-YSB com-
posite cathode powders. The pure cubic YSB phase and main peaks of 
metallic Ag is evident from the XRD pattern, as shown in Fig. 3(d). A 
large amount of metallic Ag is detected due to low calcination temper-
ature (600 ◦C/2 h) [46]. However, few Ag2O3 peaks were also detected. 
It is evident from the XRD pattern that the YSB peak shifted to lower 
theta angle after addition of Ag2O3. This peak shift can be attributed to 
the higher ionic radii of the six coordinated Ag2+ ion (0.94 Ǻ) and could 
have induced the expansion of Bi2O3 phase [47]. The crystallite sizes of 
the synthesized powders were determined by the Debye-Scherrer for-
mula (D = 0.9λ/(β − b) cos θ), where D is the crystallite size, λ is the 
wavelength of the X-ray radiation, β is the full width at half maximum of 
intensity of the diffraction peak, b is standard instrumental broadening 
(0.0578◦) and θ is the Bragg diffraction angle of peak. 

3.3. Microstructure of the single SOFC 

The cross-sectional FESEM micrographs of NiO-SDC/SDC anode 
supported single SOFC with 7.5 μm thick YSB bilayer electrolyte at two 
different magnifications are shown in Fig. 4(a–b). The anode-supported 
single SOFC with 1000 μm NiO-SDC composite anode, 500 μm SDC/YSB 
bilayer and 50 μm Ag-YSB composite is clearly distinguishable and no 
cracks were visible between the layers (Fig. 4 (a)). At higher magnifi-
cation (Fig. 4 (b)), finer microstructure of YSB bilayer electrolyte can be 
distinguished between the SDC electrolyte and Ag-YSB composite 

cathode layers. The YSB bilayer electrolyte thickness was varied be-
tween 1.5 μm–7.5 μm and the layer appears to be porous with asym-
metric grains, as shown in Fig. 5(a–b). On the other hand, the 
microstructure of SDC electrolyte appears to be quite dense with some 
closed pores. To determine for any obvious interdiffusion of constituent 
elements between the fabricated layers, the compositional analysis at 
the anode and cathode layers were conducted with the EDS technique, as 
shown in Fig. 4(c–d). Ni, Ce, Sm is only present in the NiO-SDC com-
posite anode layer (Fig. 4(d)). Similarly, elements such as Ag, Bi and Y 
are only observed in the Ag-YSB composite cathode layer. This clearly 
indicates that no obvious interdiffusion of elements between the Ag-YSB 
and NiO-SDC layers through SDC/YSB layers was observed. This assures 
the stability of the layers during the fabrication and sintering processes. 

As shown by the cross-sectional images in Fig. 5(a)–(b), the bilayer 
electrolyte YSB particles are homogenously distributed along the SDC 
electrolyte substrate. The YSB bilayer appeared to be porous and 
adhered well to the SDC electrolyte and Ag-YSB composite cathode with 
no delamination or cracks. The YSB bilayer thickness increased gradu-
ally from 1.5 to 7.5 μm as the number of layers increased. 

3.4. Single SOFC electrochemical performance 

The electrochemical performance of the fabricated NiO-SDC/SDC 
anode-supported single SOFC with different YSB bilayer electrolyte 
thicknesses (1.5, 3.5, 5.5, and 7.5 μm) was investigated at 500 ◦C-600 ◦C 
in air and hydrogen. I–V and I–P characteristics of the fabricated anode 
supported cell with different YSB bilayer electrolyte measured at 600 ◦C 
are shown in Fig. 6. It is evident that the electrochemical performance of 
the fabricated anode-supported single SOFC increased as the thickness of 
the YSB bilayer electrolyte increased. The maximum OCV of the anode- 

Fig. 3. XRD patterns of (a) NiO-SDC composite anode, (b) SDC electrolyte, (c) YSB bilayer electrolyte, (d) Ag-YSB cathode powders.  

Table 1 
Composition, phase structure, calcination temperature and crystallite size of the 
synthesized powders.  

Components Composition Phase 
structure 

Calcination 
temperature 
(◦C)/time (hours) 

Crystallite 
size (nm) 

Electrolyte Sm0.2Ce0.8O1.9 

(SDC) 
Cubic 850/5 42 

Bilayer Y0.25Bi0.75O1.5 

(YSB) 
Cubic 750/2 29 

Anode 60 wt% NiO- 
40% SDC 

Cubic 1100/5 116 (NiO) & 
80 (SDC) 

Cathode 50 wt% Ag-50% 
YSB 

Cubic 600/2 29  
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supported single SOFC with different thicknesses of 1.5, 3.5, 5.5 and 7.5 
μm reached 0.99 V, 1.074 V, 1.068 V, and 1.072 V, respectively at an 
operating temperature of 600 ◦C. Moreover, it is noteworthy that the 
OCVs of all the fabricated single SOFCs were extremely close to the 
theoretical values, due to the highly dense SDC electrolyte as observed in 
Fig. 4(b) [36]. The maximum power densities of the NiO-SDC/SDC 
anode supported cells at 600 ◦C with YSB bilayer thicknesses of 1.5, 
3.5, 5.5 and 7.5 μm were 26.3, 61.5, 86, and 79.2 mW/cm2, respectively. 
As shown in Fig. 6, the single SOFC with 5.5 μm-thick YSB bilayer 
electrolytes exhibited a maximum power density of 86 mW/cm2 and a 
current density of 259.5 mA/cm2 at 600 ◦C. All of the anode-supported 
single SOFCs in this study were manufactured in a similar way but 
exhibited different OCVs and power densities due to the variations in 
thickness of the YSB bilayer electrolyte. Jaiswal et al. [37] also reported 

a similar finding for bismuth-based bilayer electrolyte materials with 
relatively high thicknesses. This indicates that electrochemical, perfor-
mance of the NiO-SDC/SDC anode supported single SOFC can be 
increased by forming a pure oxide-ion conducting and electron-blocking 
functional layer [40]. Moreover, the presence of thick SDC layer is 
beneficial to YSB electrolyte stability. The YSB bilayer electrolyte ma-
terials in this study yielded higher OCV results than those in previous 
research. For instance, Zhang et al. [19] investigated a single cell with 
NiO/SDC/SDC/YSB/LSM-YSM configuration and reported the 
maximum OCV value of 0.897 V at 600 ◦C. From Fig. 7 (a)-(c), it is 
evident that the maximum power density increased from 14.8 mW/cm2 

to 86 mW/cm2 as the operating temperature increased from 500 to 
600 ◦C. This is due to increased ionic conductivity of the electrolyte and 
faster electrode catalytic activity with the increasing temperature [48]. 

Fig. 4. Cross-sectional FESEM images of NiO-SDC/SDC/YSB/Ag-YSB single SOFC at two different magnification: (a) 80× and (b) 10,000 ×; EDS elemental analysis 
of: (c) Ag-YSB composite cathode, and (d) NiO-SDC composite anode. 

Fig. 5. FESEM image of the YSB bilayer electrolytes with different thicknesses (a) 1.5, and (b) 3.5 μm.  
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The effect of the thickness variation of the YSB bilayer electrolyte on 
the performance difference needs to be further explored. Thus, the EIS 
technique was employed on the single SOFCs at 600 ◦C under OCV. 
Fig. 8 shows the corresponding impedance spectra measured at 600 ◦C 
for the NiO-SDC/SDC anode supported cell with different YSB bilayer 
electrolytes. The following equivalent circuit (insert) was used to 
investigate the electrical behaviour at 600 ◦C, where Rele is the ohmic 
resistance from the electrolyte (first semicircle at high frequency), Rcath 
is attributed to the charge transfer resistance from the cathode (second 
semicircle at middle frequency), Rano is attributed to the gas diffusion 
resistance at the anode (third semicircle at low frequency), and CPE is 
the constant phase element. All the samples exhibited three arcs in the 
complex impedance plane featuring the frequency-dependent semi-
circles related to the electrolyte (Rele) cathode (Rcath) and anode (Rano) 
responses, respectively. The ohmic resistance of the electrolyte/bilayer 
electrolyte decreased as the YSB bilayer electrolyte thickness increased 
to 5.5 μm and began to increase again when YSB bilayer electrolyte is >
5.5 μm. The ohmic resistance was found to be 4.95 Ωcm2, 3.27 Ωcm2, 3.1 
Ωcm2and 3.21 Ωcm2 for the single SOFC with 1.5, 3.5, 5.5, and 7.5 μm- 
thick YSB bilayer electrolytes, respectively. Moreover, the total polari-
zation resistance (Rtot) of the anode-supported cell also decreased as the 
YSB bilayer thickness increased. The Rtot of the anode-supported single 

SOFC was calculated using the sum of both ohmic resistance and 
interfacial polarization resistance from the electrolyte and electrodes, 
respectively. The total resistance was found to be 7.53 Ωcm2, 5.03 Ωcm2, 
4.64 Ωcm2 and 4.73 Ωcm2 for the fabricated single SOFCs with 1.5, 3.5, 
5.5, and 7.5 μm-thick YSB bilayer electrolytes, respectively. This 
decrease in total polarization resistance was greatly influenced by the 
interfacial polarization resistance (RP = Rcath + Rano) from the elec-
trodes, especially from the cathode side. 

The cathodic polarization resistance (Rcath) from the Ag-YSB cathode 
decreased as the YSB bilayer thickness increased from 1.5 μm to 7.5 μm 
as shown in Fig. 8. The Rcath value was found to be 2.53 Ωcm2, 1.73 
Ωcm2, 1.48 Ωcm2 and 1.43 Ωcm2 for the single SOFC with 1.5, 3.5, 5.5, 
and 7.5 μm-thick YSB bilayer electrolytes, respectively. Because of the 
high conductivity of the YSB electrolyte, it is apparent that the ohmic 
resistance of the anode-supported single SOFC did not demonstrate a 
noticeable change due to the increase in the thickness of the YSB bilayer 
electrolyte. However, the RP of the anode-supported single SOFC with 
5.5 μm thickness was much lower than that of the single SOFC with 1.5 
μm-thick YSB bilayer electrolyte due to the positive effect of the YSB 
bilayer on cathodic polarization. This decrease in Rcath can be attributed 
to the increased thickness of the YSB bilayer electrolyte. The explanation 
for this is that the YSB bilayer electrolyte demonstrates a pure ion- 
conducting oxide behaviour that enhanced the oxygen dissociation 
and surface oxygen exchange rate [33,49]. This is because the bilayered 
electrolyte can be used as both an electronic conduction barrier and an 
oxygen–ion-conducting phase in the cathode structure, thus, the YSB 
bilayer electrolyte, as a pure oxide ion conductor, manifested positive 
effect [21]. It should be noted that the increase in maximum powder 
density for single SOFC with 5.5 μm-thick YSB electrolyte is a function of 
the operating temperature and YSB bilayer thickness. Therefore, an 
improvement in the thickness of the YSB bilayer electrolyte contributes 
to an increase in the length of the ion transfer pathway in the electrolyte, 
which leads to an increase in the power density. The sample with the 5.5 
μm-thick YSB bilayer electrolyte exhibited low total resistance (4.64 
Ωcm2) at 600 ◦C. However, the performance obtained from this study 
was lower or simply comparable with the reported values for several 
bismuth bilayer electrolyte-based fuel cells (Table 2). The differences in 
performance between the present and previous studies can be explained 
by the variation in materials and bilayer electrolyte thickness. There-
fore, the optimization of material compositions, fabrication parameters, 
and electrolyte and bilayer electrolyte thickness could contribute to the 

Fig. 6. Electrochemical performance of single SOFC with different YSB bilayer 
thicknesses at 600 ◦C: (a) 1.5 μm, (b) 3.5 μm, (c) 5.5 μm, and (d) 7.5 μm. 

Fig. 7. Electrochemical performance of a single SOFC with 5.5 μm thick YSB 
bilayer thicknesses at: (a) 500 ◦C, (b) 550 ◦C, and (c) 600 ◦C. 

Fig. 8. Impedance spectra of the anode-supported single SOFC with different 
YSB bilayer thicknesses at 600 ◦C: (a) 1.5 μm, (b) 3.5 μm, (c) 5.5 μm, and (d) 
7.5 μm. 
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increase in the OCV value and overall performance of the fuel cell. 

4. Conclusion 

The dip-coating technique was used in this study to coat the YSB 
electronic blocking functional layer on the NiO–SDC/SDC substrate. The 
YSB layer thickness was varied from 1.5 to 7.5 μm. The OCV values were 
0.99 V, 1.074 V, 1.068 V, and 1.072 V, while the respective YSB layer 
thicknesses were 1.5, 3.5, 5.5 and 7.5 at 600 ◦C. The result indicates that 
thick YSB layers can block the electronic conduction in SDC electrolytes 
and increased the OCV values compared with cells with <5.5 μm 
thickness. The single SOFC with 5.5 μm-thick YSB bilayer electrolytes 
exhibited a maximum power density of 86 mW/cm2 and a current 
density of 259.5 mA/cm2 at 600 ◦C. However, the power densities of the 
cells obtained from this study are not high enough for low-to interme-
diate-temperature SOFC operation. Thus, further improvement is 
needed to expand the ionic conductivity of bilayer electrolytes. 
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Operating 
temperature 
(◦C) 

Power 
density 
(mW/cm2) 

Reference 

NiO-SDC/SDC/ 
YSB/Ag-YSB 

5.5 600 86 This 
study 

NiO-GDC/GDC/ 
xSB/LSM-ESB 

20.6 650 1060 [37] 

NiCuO-SNDC/ 
SNDC/ESB/ 
LSM-ESB 

20 450 129 [40] 

NiO-BCZY/BCZY/ 
BCY/SSC-SDC 

3.6 700 163 [42] 

Pt/SDC/Au – 800 40 [50] 
NiO-YSZ/YSZ/ 

ESB/LSM-ESB 
5.1 700 2100 [51]  
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