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ell with a spin-coated yttria
stabilized zirconia/gadolinia doped ceria bi-layer
electrolyte

Jingyu Li,ab Lijun Fan,ab Nianjun Hou,ab Yicheng Zhao *ab and Yongdan Li abc

A thin yttria stabilized zirconia (YSZ)/gadolinia doped ceria (GDC) bi-layer membrane is fabricated through

the slurry spin coating technique and used as an electrolyte of a solid oxide fuel cell with

La0.6Sr0.4Co0.2Fe0.8O3�d as the cathode. The viscosity of the YSZ slurry is controlled by adding ethanol in

the terpineol solvent, which shows a negligible effect on the thickness but a remarkable influence on the

porosity of the YSZ film. The thickness of the YSZ layer increases with the YSZ content in the slurry. The

YSZ films are pre-sintered at various temperatures, and the one sintered at 1200 �C has a moderate

interaction with the GDC slurry, forming a 10 mm-thick YSZ/GDC bilayer with a low porosity and a low

ohmic resistance. The corresponding single cell shows a maximum power density of 1480 mW cm�2 at

750 �C.
1. Introduction

The solid oxide fuel cell (SOFC) with high energy conversion
efficiency, fuel exibility and low emissions is widely recognized
as a promising power generation technology.1,2 The practical
application of the SOFC is mainly hindered by its high oper-
ating temperature, which limits the selection of component
materials, increases the cost and reduces the durability. The low
oxygen ionic conductivity of the traditional yttria-stabilized
zirconia (YSZ) electrolyte, about 0.13 S cm�1 at 1000 �C,3 is
one of the main reasons for the high operating temperature,
and electrolyte materials with a higher ionic conductivity, such
as doped ceria,4,5 doped LaGaO3,6 Er0.4Bi1.6O3�d,7 Sr0.55Na0.45-
SiO2.775,8,9 Na0.5Bi0.49Ti0.98Mg0.02O3�d (ref. 10) and proton-
conducting perovskite oxides,11,12 have been extensively
explored over the past decades. Unfortunately, those substitutes
usually suffer from high electronic conductivity or low stability
under operating conditions. So far, YSZ is still the most
commonly used electrolyte material in commercial SOFC
systems.

Reducing the thickness of YSZ electrolyte layer is one of the
major strategies for lowering the working temperature and
boosting the performance of SOFC. For SOFC operated below
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750 �C, the thickness of YSZ layer should be generally less than
15 mm.13 In recent years, many deposition methods, such as
pulsed laser deposition,14 atomic layer deposition,15 chemical
vapor deposition16 and sputtering,17 have been used to fabricate
thin YSZ lms with high quality. However, the high cost of those
processes limits their large-scale application.

As a fast and cost-effective technique, slurry spin coating has
been widely used to prepare gas-tight oxide electrolyte lms.18–20

Wang et al.21 fabricated a 10 mm-thick YSZ membrane on a NiO–
YSZ anode support with slurry spin coating, and the maximum
power density (Pmax) of the single cell reaches 2 W cm�2 at
800 �C. Chen et al.22 coated a 10 mm-thick anode functional layer
(AFL) and a 5 mm-thick YSZ electrolyte membrane successively
on a NiO–YSZ anode support, and the Pmax of the cell is 0.6 W
cm�2 at 800 �C. Many parameters of the spin coating process,
such as the viscosity and solid content of the slurry, the spin-
ning speed and duration, number of coating cycles and the
property of AFL, have important effect on the thickness and
porosity of the electrolyte layer. A higher spinning speed
generally results in a thinner and denser membrane.23,24 Kim
et al.25 found that rising the binder content in the slurry leads to
the increase of thickness and porosity of the electrolyte layer.
Buchkremer and co-workers26,27 optimized the size of YSZ
nanoparticles in the slurry. Nevertheless, the relationships
among the component and the viscosity of the slurry and the
morphology of the electrolyte membrane have not been
revealed clearly. Moreover, in order to avoid the interaction
between YSZ and traditional perovskite cathode materials such
as La0.6Sr0.4Co0.2Fe0.8O3�d (LSCF), a thin doped ceria interlayer
is usually required, which, however, will react with YSZ during
the sintering process and form an insulating Ce–Zr solid solu-
tion phase.28–30
© 2022 The Author(s). Published by the Royal Society of Chemistry
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In this work, YSZ/Ce0.9Gd0.1O2�d (GDC) bi-layer electrolyte is
prepared with the slurry spin coating method. The effects of the
solvent composition and the YSZ content on the viscosity of the
slurry and the morphology of the YSZ membrane are discussed.
The YSZ lm is pre-sintered at various temperatures before the
coating of the GDC layer. The interaction between YSZ and GDC
phases and its inuence on the cell performance are investigated.
2. Experimental
2.1. Material preparation

GDC powder was prepared through a coprecipitation process
with oxalic acid as the precipitant.31 LSCF powder was synthe-
sized via a glycine–nitrate combustion approach.32 The LSCF
and GDC powders were mixed at a weight ratio of 1 : 1 through
ball-milling to form the LSCF–GDC composite cathode.
Fig. 1 (a) XRD patterns of GDC and LSCF powders; (b) cross-sectional
SEM image of the anode support and anode functional layers sintered
at 1400 �C; (c and d) surface SEM image of the AFL. The pits on the AFL
are detected and measured with ImageJ software.
2.2. Single cell fabrication

NiO–YSZ composite anode support layer was prepared through
a cold-press approach. NiO (Shanghai Aladdin Bio-Chem
Technology Co., Ltd, 99%), YSZ (Shanghai Naiou Nano tech-
nology Co., Ltd, 99.9%, particle size: 50 nm) and starch at
a weight ratio of 56 : 44 : 9 were ball-milled in ethanol for 12 h.
Aer drying, the composite powder was pressed at 300 MPa into
a pellet with a diameter of 15 mm, which was sintered in air at
1100 �C for 3 h. The thickness of the obtained anode support
layer is about 650 mm.

NiO–YSZ anode functional layer (AFL) was prepared via
a spin-coating method. NiO and YSZ powders were mixed at
a weight ratio of 56 : 44 through ball-milling. Terpineol
(Shanghai Meryer Chemical Technology Co., Ltd, 99%), ethyl
cellulose (EC, Tianjin Yuanli Chemical Technology Co., Ltd, AR)
and ethanol (Shanghai Titan Scientic Co., Ltd, AR) were mixed
at a weight ratio of 62 : 3 : 35 to form an organic solvent. The
NiO–YSZ composite powder was mixed with the solvent at
a weight ratio of 1 : 5 to form the AFL slurry, which was spin-
coated on the anode support at 1000 rpm for 30 s and subse-
quently at 10 000 rpm for 60 s. Then the organics were removed
at 420 �C in air for 1 h. The spin-coating procedure was repeated
three times.

YSZ electrolyte layer was also fabricated by the spin-coating
method. 1 wt% EC was dissolved in 99 wt% terpineol, which
was then mixed with ethanol to form the solvent. The concen-
tration of ethanol in the solvent was in the range of 25–55 wt%.
Subsequently, YSZ powder was added in the solvent, followed by
ball-milling for 12 h to form the YSZ electrolyte slurry. The
content of YSZ in the slurry was in the range of 25–40 wt%. The
spin-coating procedure of the YSZ layer was similar to that of
the AFL, which was repeated twice. YSZ/GDC bi-layer electrolyte
was also prepared. Aer the deposition of one YSZ layer, the
pellet was pre-sintered at 1000–1300 �C for 4 h, and a GDC layer
was spin-coated on the YSZ layer. For the GDC slurry, the
concentration of ethanol in the solvent and the content of GDC
in the slurry were both 25 wt%. Aer the spin-coating process of
the electrolyte layers, the pellets were sintered in air at 1400 �C
for 4 h to form half cells.
© 2022 The Author(s). Published by the Royal Society of Chemistry
The LSCF–GDC composite cathode powder was mixed with
a binder (V006, Heraeus Ltd) to form the cathode slurry. The
slurry was screen-printed on the electrolyte layer and sintered at
950 �C for 3 h. The geometrical area of the cathode was 0.28
cm2. Ag paste was coated on the electrodes as the current
collector.
2.3. Characterization

The crystal structures of the GDC and LSCF powders were
investigated at room temperature using an X-ray diffractometer
(XRD, D8 Focus, Bruker Cor., Germany) with Cu-Ka radiation,
40 kV and 200 mA, at a scanning rate of 8� min�1. The
morphology of the components of the single cell was observed
with a scanning electron microscope (SEM, Apreo S LoVac, FEI,
USA). The viscosity of the slurry for spin-coating was measured
with a viscosimeter (NDJ-79, Shanghai Ni Run Intelligent
Technology Co., Ltd, China).
2.4. Electrochemical property

The current–voltage (I–V) curve of the single cell was measured
with an electrochemical workstation (VersaSTAT 3, Ametek, USA)
with H2 (30 mL min�1, STP) and oxygen (50 mL min�1, STP) as
the fuel and the oxidant, respectively. The electrochemical
impedance spectroscopy (EIS) of the cell was recorded in
a frequency range of 1MHz to 0.1 Hzwith an amplitude of 10mV.
3. Results and discussion
3.1. Characterization of synthesized powders and AFL

The XRD patterns of GDC and LSCF powders are presented in
Fig. 1a. GDC shows a cubic uorite structure (JCPDS #75-0162)
and LSCF exhibits a perovskite structure (JCPDS #49-0284), which
are consistent with the results of previous works without any
impure phases.33–36 The cross-sectional SEM image of the anode
support and anode functional layers sintered at 1400 �C is shown
in Fig. 1b. Large pores with an average diameter of about 20 mm
distribute unevenly in the anode support layer. The thickness of
RSC Adv., 2022, 12, 13220–13227 | 13221
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the AFL is about 6 mm, and dense adhesion is achieved between
the anode support layer and AFL. The surface porosity of the AFL
is 8.20%, and the average pore size is 200–300 nm.
3.2. Single cells with YSZ electrolyte layer

3.2.1. Effects of the solvent. The viscosities of the solvents
with various ethanol contents are listed in Table 1. The viscosity
of pure terpineol is 24.0 mPa s, which drops sharply to 7.0 mPa s
when 25 wt% ethanol is added in the solvent, and then
decreases gradually with the further addition of ethanol. The
viscosity of the ethanol–terpineol mixed solvent increases
remarkably with the addition of EC, and a higher viscosity is
observed aer adding 50 wt% YSZ to form the electrolyte slurry.

Fig. 2 shows the morphology of the electrolyte layers with
various ethanol contents in the solvent. With 50 wt% YSZ in the
electrolyte slurry, the thickness of the two-cycle YSZ layer aer
sintering is about 25 mm, which is almost unaffected by the
content of ethanol. On the contrary, the ethanol content in the
solvent of the electrolyte slurry shows a remarkable inuence on
the porosity of the electrolyte layer. The YSZ layer with 25 wt%
Table 1 Viscosities of the solvents with various ethanol contents and the
slurry is 50 wt%

Ethanol/(ethanol
+ terpineol)

Viscosity (mPa s)

Ethanol–terpineol
solvent

0 wt% 24.0
25 wt% 7.0
35 wt% 5.0
45 wt% 3.5
55 wt% 2.8

Fig. 2 Cross-sectional and surface SEM images of the two-cycle YSZ lay
solvent. The YSZ content in the electrolyte slurry is 50 wt%. The pits on
ImageJ software.

13222 | RSC Adv., 2022, 12, 13220–13227
ethanol in the solvent exhibits a high surface porosity of 5.16%,
which is probably due to the relatively high viscosity (24.0 mPa
s) of the electrolyte slurry, resulting in an uneven distribution of
the YSZ powder.28 The YSZ slurry with 35 wt% ethanol in the
solvent shows a moderate viscosity (14.5 mPa s), and thus the
corresponding electrolyte layer has the lowest surface porosity
of 1.24%. The further addition of ethanol in the solvent leads to
an increase of the surface porosity to 3.5–4.3%. The YSZ slurry
with a low viscosity (8–11.5 mPa s) may partly permeate into the
AFL during the spin-coating and the drying processes (Fig. 2c
and d), rising the porosity of the electrolyte layer.37

The current–voltage (I–V) and current–power (I–P) character-
istics of the single cells at 750 �C are presented in Fig. 3. The
open circuit voltage (OCV) of the 25 wt%-ethanol cell is only
0.83 V due to the high porosity of the electrolyte layer, and the
Pmax is 454 mW cm�2. The 35 wt%-ethanol cell with the most
compact electrolyte lm shows the highest OCV and Pmax of
1.07 V and 1136mW cm�2, respectively. The OCV and Pmax of the
cell both drop with more ethanol in the solvent of the electrolyte
slurry due to the porosity increase of the YSZ membrane.
corresponding electrolyte slurries. The YSZ content in the electrolyte

Ethanol–terpineol–EC
solvent

Ethanol–terpineol–EC–YSZ
slurry

— —
18.0 24.0
10.5 14.5
7.0 11.5
4.5 8.0

ers with (a) 25 wt%, (b) 35 wt%, (c) 45 wt% and (d) 55 wt% ethanol in the
the surface of the electrolyte layers are detected and measured with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 I–V and I–P curves of the single cells at 750 �C with various
ethanol contents in the solvent.

Fig. 5 I–V and I–P curves of the single cells at 750 �Cwith various YSZ
contents in the electrolyte slurry.
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3.2.2. Effects of the YSZ content. The viscosity of the
ethanol–terpineol–EC solvent with 35 wt% ethanol is 10.5
mPa s (Table 1), which increases with the addition of YSZ
powder. The viscosities of the slurries containing 25 wt%,
30 wt%, 35 wt% and 40 wt% YSZ are 12.5, 13.5, 14.5 and 19.5
mPa s, respectively. The morphology of the two-cycle YSZ layers
with different YSZ contents in the slurry is shown in Fig. 4. The
slurry with a higher YSZ content makes a thicker electrolyte
layer, which is consistent with the results of previous
works.21,38 The surface porosity of the electrolyte layer with
25 wt% YSZ in the slurry is 5.93%. The increase of the YSZ
content in the slurry to 30 and 35 wt% results in the decrease of
the surface porosity to 3.08% and 1.24%, respectively.
However, when the amount of YSZ in the slurry reaches
40 wt%, the surface porosity of the electrolyte layer increases to
4.78% mainly due to the difference in thermal expansion
coefficients between the AFL and the YSZ layers.38,39 The
Fig. 4 Cross-sectional and surface SEM images of the two-cycle YSZ la
electrolyte slurry. The ethanol content in the solvent is 35 wt%. The pits o
ImageJ software.

© 2022 The Author(s). Published by the Royal Society of Chemistry
relatively high viscosity of the 40 wt% YSZ slurry is another
probable reason for the high porosity of the electrolyte layer.

The I–V and I–P curves of the single cells at 750 �C are
presented in Fig. 5. The OCV of the 25 wt%-YSZ cell with the
highest porosity of the electrolyte layer is 0.91 V, and the
corresponding Pmax is 998 mW cm�2. The OCVs of the cells
with higher YSZ contents are in the range of 1.00–1.07 V. The
Pmax of 30 wt%-YSZ and 35 wt%-YSZ cells are 1066 and 1136
mW cm�2, respectively. When the amount of YSZ in the slurry
reaches 40 wt%, the Pmax of the cell decreases to 725 mW cm�2

mainly due to the high ohmic resistance of the thick electro-
lyte layer.
3.3. Single cells with YSZ/GDC bi-layer electrolyte

The surface SEM images of the one-cycle YSZ layers sintered at
various temperatures are shown in Fig. 6. The average size of
yers with (a) 25 wt%, (b) 30 wt%, (c) 35 wt% and (d) 40 wt% YSZ in the
n the surface of the electrolyte layers are detected and measured with

RSC Adv., 2022, 12, 13220–13227 | 13223
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Fig. 6 Surface SEM images of the one-cycle YSZ layers sintered at (a) 420 �C, (b) 1000 �C, (c) 1100 �C, (d) 1200 �C and (e) 1300 �C.

Fig. 7 Cross-sectional SEM images with the line-scanning results and surface SEM images of (a) one-cycle YSZ layer, and YSZ/GDC bilayers in
which the YSZ layer was pre-sintered at (b) 1000 �C, (c) 1100 �C, (d) 1200 �C and (e) 1300 �C. The pits on the surface of the electrolyte layers are
detected and measured with ImageJ software.

13224 | RSC Adv., 2022, 12, 13220–13227 © 2022 The Author(s). Published by the Royal Society of Chemistry
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YSZ particles sintered at 420 �C is about 50 nm, which increases
to about 100 and 200 nm when the temperature rises to 1000
and 1100 �C, respectively. The grain growth of YSZ is more
obvious when the temperature is higher than 1200 �C.

The cross-sectional and surface SEM images of the one-cycle
YSZ layer sintered at 1400 �C are shown in Fig. 7a. The YSZ layer
shows a thickness of about 9 mm and a surface porosity of
1.83%. The inltration of GDC into the YSZ layer is found in the
YSZ/GDC bi-layer electrolytes in which the YSZ layer was pre-
sintered at 1000 �C (Fig. 7b), 1100 �C (Fig. 7c) and 1200 �C
(Fig. 7d), resulting in a YSZ/GDC composite layer on the surface.
The YSZ layer pre-sintered at a lower temperature has a smaller
grain size and a larger porosity (Fig. 6), leading to a deeper
inltration of GDC. Meanwhile, the surface roughness of the
YSZ layer is reduced with the increase of the pre-sintering
temperature, resulting in a weak interaction between the YSZ
layer and the GDC slurry, and thus less GDC slurry remains on
the YSZ layer aer spin-coating. The thicknesses of the
composite layers on YSZ-1000, YSZ-1100 and YSZ-1200 are 3.8,
2.5 and 1.4 mm, respectively. The YSZ/GDC composite layers are
much denser than the YSZ layer, and the composite electrolyte
layer on YSZ-1200 has the lowest surface porosity of 0.23%. Only
a small amount of GDC is found on the surface of YSZ-1300
without the formation of a noticeable YSZ/GDC composite
layer (Fig. 7e) probably due to the large grain size and the low
porosity of YSZ-1300, which weakens the interaction between
the YSZ layer and the GDC slurry during the spin-coating
process. Nonetheless, the surface porosity of the YSZ layer is
Fig. 8 (a) EIS results and (b) I–V and I–P curves of the single cells with YS
various temperatures; (c) I–V and I–P curves of the YSZ-1200 cell at var
a constant output current density of 500 mA cm�2.

© 2022 The Author(s). Published by the Royal Society of Chemistry
reduced to 0.57%, indicating the inltration of a small amount
of GDC into the YSZ-1300 layer.

The EIS results of the single cells with YSZ/GDC electrolyte
layers at 750 �C are presented in Fig. 8a. The high-frequency
intercept of the curve on the real axis reects the ohmic resis-
tance (Ro) of the cell, and the arc corresponds to the polarization
resistance (Rp). The YSZ-1000 cell shows the largest Ro due to its
thickest electrolyte layer. Moreover, the insulating Ce–Zr solid
solution probably formed between the YSZ and GDC phases
leads to the increase of both Ro and Rp. As a result, the YSZ-1000
cell shows the lowest Pmax of 460 mW cm�2 at 750 �C (Fig. 8b).
The interaction between the YSZ and GDC phases is weakened
with the increase of the pre-sintering temperature of the YSZ
membrane, resulting in the decrease of Ro and Rp. The YSZ-1200
cell has the lowest Ro and Rp and consequently the highest Pmax

of 1480 mW cm�2 at 750 �C. However, Ro increases when the
pre-sintering temperature of the YSZ layer rises to 1300 �C
probably due to the absence of the GDC interlayer, leading to
the interaction between the YSZ electrolyte and the LSCF
cathode. The Pmax of the cell decreases with the drop of the
operating temperature. The YSZ-1200 cell exhibits Pmax of 872,
472 and 215 mW cm�2 at 700, 650 and 600 �C, respectively
(Fig. 8c). The short-term durability of the YSZ-1200 cell was
tested at 700 �C with an output current density of 500 mA cm�2

(Fig. 8d). The output voltage decreases gradually from 0.79 V to
0.70 V during the rst 7 h, and decreases slowly to 0.63 V in the
next 33 h, indicating a promising stability of the single cell with
a YSZ/GDC bi-layer electrolyte.
Z/GDC bilayers at 750 �C in which the YSZ layers were pre-sintered at
ious temperatures; (d) durability of the YSZ-1200 cell at 700 �C under

RSC Adv., 2022, 12, 13220–13227 | 13225
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4. Conclusion

In this work, YSZ and YSZ/GDC electrolyte layers are fabricated
with the slurry spin coating method. A lower ethanol content in
the terpineol solvent and a higher YSZ content result in a higher
viscosity of the YSZ slurry. The thickness of the YSZ lm is
inuenced negligibly by the viscosity but increases with the YSZ
content of the slurry. The most compact YSZ layer is produced
using a slurry with 35 wt% ethanol in the solvent and 35 wt%
YSZ in the slurry. The YSZ layer is pre-sintered at various
temperatures, and the interaction between the YSZ membrane
and the GDC slurry is weakened with the rise of the pre-
sintering temperature. A strong interaction leads to the
formation of insulating Ce–Zr solid solution, while a weak
interaction results in insufficient adherence of GDC to the YSZ
membrane. The YSZ-1200 cell shows the highest Pmax of 1480
mW cm�2 at 750 �C. The cell also exhibits a promising stability.
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